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Abstract
In this thesis, I describe the development of a high repetition rate femtosecond bre
based chirped pulse amplication system (FCPA) for strong-eld physics experiments.
This project was set in a newly established sub-group of the Laser Consortium at Im-
perial College London with the aim to push the strong-eld and attosecond science
experiments to be conducted at 100s of kHz repetition rate.
It was important to design and implement a compact, CEP stable, high repetition
rate bre CPA system. Custom optics and mounts were employed in order to achieve
a compact stretcher and compressor design. The stretcher was designed to stretch the
oscillator pulses with a bandwidth of 14 nm and a duration of 90 fs to 1 ns to avoid
non-linearities in the bre amplier. It is based on an Oner type conguration.
The fast rise time RTP based Pockels cell can be adjusted to deliver 50 -350 kHz of
repetition rate to the large mode area (LMA) ytterbium doped bre with 30µm core
and 250 µm cladding (Yb1200-30/250DC-PM, Nlight). It was possible to generate
up to 13 µJ of pulse energy at 100 kHz repetition rate before compression with 14W
pump power. Higher pulse energies up to 130 µJ have been demonstrated at 38W of
pumping (55W pump diode Nlight), however mechanical instabilities impaired the
spectral and spatial performance at this power level. Improvements to optimise the
performance of the system are suggested in the conclusion.
Additionally to this experiments in the near-IR have been conducted on post compres-
sion mechanisms. The principle of lamentation was employed to generate tunable
few-cycle pulses at wavelengths from 1.6 - 2 µm and subsequent high harmonic gen-
eration in a proof of principle experiment. These results were published in Applied
Physics Letters [1] and Journal of Physics B: At. Mol. Opt. Phys. [2].
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Chapter 1
Introduction
The scope of my PhD is to build a high repetition rate chirped pulse amplication
system based on Yb-doped bres. In order to establish a common background for the
reader I will introduce a few fundamental aspects. Starting with the dispersion of an
optical pulse in a medium. I then explain important non-linear optical eects that
need to be considered while building a laser. I will explain how non-linear optics can
be exploited as a tool in laser science, by employing a technique called lamentation.
Following this, the concept of carrier-envelope phase is introduced and its uses are
explained. Further I will elaborate on the potential uses of the laser in strong-eld
physics applications. Finally I will discuss key points for ytterbium as a gain medium.
1.1 Dispersion
First of all we need to establish the mathematical concept for an ultrashort, linearly
polarised laser pulse. The electric eld E(z; t) of a pulse propagating in z-direction
can be dened as:
E(z; t) = A(z; t)ei(!0t k0z+(t)) = A(z; t)ei'(z;t); (1.1)
where A(z; t) is the slowly varying envelope in space (z) and time (t), k0 = n(!0)
!0
c
is the wavenumber, which is dependent on n(!0), the frequency dependent refractive
10
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index, the frequency !0 and the speed of light c. The temporal phase (t) however
plays an important role, since it determines the shape of the pulse in time. Expanding
(t) into a Taylor series around t=0:
(t) =
1X
n=0
1
n!
dn(t)
dtn

t=0
tn (1.2)
enables us to identify 0, which is the rst element of the expansion. This is the
oset of the electric eld from the maximum of the envelope, also known as carrier
envelope phase (CEP) or , which is explained in more detail in section 1.4.
Further, the temporal phase denes the variation of the instantaneous angular fre-
quency !(z,t):
!(z; t) =  @'(z; t)
@t
: (1.3)
The description of a pulse in the time domain is intuitive, in the ultrashort domain
however it can be of great use to work in the spectral domain. This can be done by
Fourier transformation. In the same manner as seen in equation 1.2 one can write the
electric eld in space and frequency
~E(z; !) = A(z; !)ei(z;w); (1.4)
where A(z; !) is the spectral amplitude and (z; w) the spectral phase. When talk-
ing about dispersion the spectral phase needs to be considered. The dispersion of a
medium is known as the change it induces to a pulse with a given frequency band-
width. In order to be able to introduce important eects of dispersion the spectral
phase can be expanded by exploiting a Taylor series. The spectral phase (and the tem-
poral phase equation 1.2) can be rather complicated. However it is common practice
to assume that the change is small compared to !0 and to develop the function around
this value. If the change is small enough it is assumed to be a direct representation
11
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of the actual function.
(!) =
1X
n=0
1
n!
dn(!)
d!n

!0
(!   !0) =
1X
n=0
'(!   !0)n: (1.5)
This can be simplied if one only takes into account the rst few orders:
(!) = (!0) + 
0
(!0)(!   !0) + 1
2

00
(!   !0)2 + 1
6

000
(!   !0)3 : : : (1.6)
The (!0) is a xed frequency oset and the 
0
corresponds to a delay in time. The
phase terms 
00
and 
000
correspond to Group Delay Dispersion (GDD) and the Third
Order Dispersion (TOD) respectively. These are interesting and useful as they are
accessible and can be corrected for. The GDD is a given quantity for an optical ele-
ment, such as a bre. The Group Velocity Dispersion (GVD), which is also commonly
used, is the GDD per unit length. This allows to add up the dispersion induced by
each component.
The dispersion of a medium causes the frequencies of an optical pulse to shift. As-
suming the medium has positive dispersion for all the frequencies in an optical pulse,
so GDD > 0, the shorter wavelength part of the spectrum will be pushed to the
end of the pulse. Commonly described as the "redder" frequencies are delayed with
respect to the \bluer" frequencies. Thus, negative dispersion denotes the case where
the "redder" frequencies come rst. If an initially transform limited pulse experiences
dispersion the pulse is said to be chirped.
Dispersion management is important in laser development, it can be utilised for e.g.
pulse stretching or pulse compression, see section 3.1.
When dealing with ultrashort pulses (10s of femtoseconds in the visible regime) one
has to consider the material dispersion, especially when working in the few-cycle
limit (few femtoseconds in the visible regime), since a piece of glass can signicantly
broaden the pulse. The material has a dierent response to dierent frequencies. This
is denoted as material dispersion and usually given as n(), refractive index with re-
spect to wavelength. Thus, the accumulated phase of an optical pulse travelling
12
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through a medium of length L is given by:
material(!) = k(!)L =
!n(!)
c
L: (1.7)
Taking into account the rst derivative
dmaterial
d!
= d
0
material =
d(kL)
d!
= L

d!
dk
 1
=
L
vg
= Tg (1.8)
we get the group delay Tg, which is dependent on the length L and the group velocity
vg. The refractive index of a medium can be described by the well-known Sellmeier
equation:
n2 = 1 +
X
i
Bi
2
2   Ci (1.9)
where Bi and Ci are the Sellmeier coecients, which are available in the literature
for most media. Hence we can rewrite Tg in terms of the refractive index n and
wavelength  for practical reasons.
Tg =
dmaterial
d!
=
L
c

n+ !
dn
d!

=
L
c

n  dn
d

(1.10)
For the second order dispersion we can derive an expression in a similar fashion
GDD = 
00
material =
d2material
d!
=
L
c

2
dn
d!
+ !
d2n
d!2

=
3L
2c2
d2n
d2
(1.11)
The GDD is then given in fs2 when using femtosecond lasers. For the third order
dispersion (TOD) one can derive a similar expression
TOD =   
2L
42c3

32
d2n
d2
+ 3
d3n
d3

: (1.12)
Having established theses relations one can further estimate the stretched pulse du-
ration of an ultrashort pulse after propagating through a certain medium taking into
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account only the second order phase.
tout =
s
t2in + (4ln2
00
tin
)2 Gaussian (1.13)
Here, the factor 
00
=tin denotes the relative broadening induced in an initially
unchirped pulse tin. The fraction of broadening is then added to the initial pulse
duration. Since these eects act on the electric eld, one has to incorporate the square
to get the intensity full width half maximum (FWHM) of the outgoing pulse tout.
For a more accurate calculation one needs to multiply the accumulated phase with
the amplitude of the pulse taking into account the material dependent transmission in
the frequency domain and perform a Fourier transformation to retrieve the temporal
prole. In many cases, the estimation of the pulse duration taking into account the
second order phase is sucient to progress experimentally. A more detailed explana-
tion of dispersion and its eects can be found in [3].
14
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1.2 Fibre modes
The electric eld distribution in the transverse direction of an optical bre is governed
be the scalar Helmholtz equation. The derivation of these distributions or modes is
explained in many textbooks, for example [4].
The number of modes supported by a step index bre depends on the core radius a
and the dierence in refractive index between ncore and ncladding.
It is useful to dene the so called normalised waveguide parameter V
V =
2

a
q
n2core   n2cladding =
2

aNA (1.14)
where  denotes the wavelength and NA the numerical aperture of the core. The
numerical aperture is derived from Snell's law and denotes the maximum acceptance
angle of the bre core. The condition for single mode operation of the bre is satis-
Figure 1.1: Low order transverse modes for a step index bre.
ed when V < 2.405. Since the V -number is frequency dependent there is a certain
frequency for which the single mode condition does not hold. This frequency is called
the cut-o frequency. It can be seen from equation 1.14 that the V -number is linearly
dependent on the core radius and NA. As an example a bre with 10 µm core diame-
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ter and an NA of 0.076 at a centre wavelength of 1030 nm has a V -number of 2.31 and
can be assumed to be single mode. However in large mode area bres it is common to
have 20, 30 or even 40 µm core diameters with similar numerical apertures. In these
bres higher order modes start to play a role and a superposition may be visible in
the beam prole. The lowest order linearly polarized modes LPlm, where l and m
denote the order, are shown in gure 1.1.
Large mode area bres are interesting for bre ampliers as described in section 2.2.2.
However the unwanted higher order modes need to be minimised to optimise the per-
formance of the amplier. This is commonly achieved by coiling the large mode area
bres to a certain bend radius and hence inducing higher losses to higher order modes,
whereas the fundamental mode experiences the lowest attenuation [5, 6].
Another way to achieve single mode operation of large mode area bres is to increase
the core diameter and decrease the NA. This approach however has technical limi-
tations, since the refractive index dierence is very small. Further the guiding eect
of the bre becomes weaker. Hence a common way to achieve single mode operation
for bres up to  40 µm core diameter is coiling, whereas larger core diameter bres
rely on a photonic crystal structure [7].
16
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1.3 Non-linear Optics
In order to discuss the response of a material to an in-coming electric eld dierently
the Drude-Lorentz model is introduced. Here we start o with the equation of motion
for a damped harmonic oscillator. Instead of a spring we look at an electron cloud
surrounding a nucleus with an incident electric eld E(t) [8]
me
d2r
dt2
+ 2me
dr
dt
+me!
2
rr =  qE(t): (1.15)
The rst term denotes the acceleration force with me the mass of the electron. The
second term denotes the frictional force or damping force where  is the damping rate.
The third term denotes the restoring force with !r being the resonance frequency. This
system is driven by the electric force on the right hand side of the equation where q
is the electric charge and E(t) the electric eld.
Via Fourier transformation it is possible to derive a formula for the displacement r(!)
r(!) =   q
me
E(!)
!2r   !   i!2
: (1.16)
The goal is to derive a formula for the polarisation of the material P (!). In order
to go from the microscopic response to the macroscopic response we need an average
dipole times the number of atoms involved (N). The dipole is simply the average
distance of displacement times the charge.
P (!) = Nq hr(!)i = 0E(!) (1.17)
Here, 0 is the vacuum permittivity and  the electric susceptibility of the mate-
rial. Equation 1.17 can now be rearranged in terms of  or the material dependent
permittivity r.
(!) =
Nq2
0me
1
!2r   !2   i!
(1.18)
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 = 1 +  (1.19)
r(!) = 1 +
Nq2
0me
1
!2r   !2   i!
(1.20)
Equation 1.20 describes the dielectric response of a material due to one resonance in
the linear regime. In order to fully describe the response of a material all resonances
need to be considered. The Lorentz model incorporates the restoring force, which
is dependent on !r and is used for dielectrics. In metals the restoring force can be
neglected. The model for metals is called the Drude model. However in reality a
combination of these two models is employed to calculate the full response of a ma-
terial. The aforementioned approach is valid in the linear regime. In order to model
the response adequately one needs to allow for a non-linear response of the material.
Furthermore, the permittivity can be used to calculate the refractive index. The re-
fractive index and the absorption of the material are linked via the Kramers-Kroning
relation. This is interesting in the laboratory frame since often it is easier to measure
the absorption of a material. It is noteworthy that in reality the electric eld is a
vector and the permittivity is a tensor. This however can be simplied when using
linearly polarised light. A more detailed explanation can be found in [8].
Not only the linear but the non-linear regime can be evaluated with the aforemen-
tioned approach. Every material will show a non-linear response if it is driven very
hard. In the scope of this we can develop the time dependent material polarisation
P (t) into a power series dependent on the incident electric eld E(t) and the electric
susceptibility .
P (t) = 0(
(1)E(t) + (2)E(t)2 + (3)E(t)3 : : : ) (1.21)
Here, 0 is the vacuum permittivity and 
n, n = 1; 2; 3:::, the electric susceptibility
of the material. (1) is related to the refractive index via n =
p
1 + (1). The higher
18
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order terms (2) and (3) come into play for high intensities to the order of 109 W/cm2.
In particular second harmonic generation is the most widely used non-linear eect
and is a (2) process. The (3) processes are of more importance to the subject we
are dealing with, so they will be discussed in the following subsection. In general
it is noteworthy that there is a linear and non-linear response of media to a strong
incident electric elds.
P = Plinear + Pnon linear : (1.22)
1.3.1 Third order susceptibility eects
Non-linear refractive index
The intensity dependent refractive index, self-phase modulation (SPM), self-focusing
and the B-Integral are important, since they arise from the (3) response of the
medium.
It can be shown that by developing the polarisability into the Taylor expansion and
just taking into account the rst and the third order, it is possible to identify a linear
and non-linear refractive index. This is customary since the (2) term disappears in
centrosymmetric systems.
P = 0
(1)E + 0
(3)E3; (1.23)
with E = E! cos(!t) we can write
E3 =
1
4
E3! (3cos(!t) + cos3(!t)) : (1.24)
Substituting this into the polarisation term we get:
P = 0

(1) +
3
4
(3)E2!

E!cos(!t) +
1
4
E3!cos(3!t) (1.25)
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The cos(3!t) term describes the third harmonic generation which is ignored in this
scope. This result however leads to the formation of a effective
effective = 
(1) +
3
4
(3)E2!; (1.26)
which again results in an eective refractive index
n =
p
1 + effective =
r
1 + (1) +
3
4
(3)E2!  nL +
3
8nL
(3)E2!: (1.27)
Here,  denotes the susceptibility and nL the linear refractive index. It is customary
that n2 denotes the non-linear refractive index or intensity dependent refractive index,
whereas E and I are the electric eld and intensity, respectively
n(I) = nL + n2I: (1.28)
B-Integral
The B-integral or Breakup-Integral denotes the accumulated non-linear phase along
the beam path L measuring whether or not damage or non-linearities are likely to
occur.
B =
2

Z L
0
n2Idz (1.29)
where  is the wavelength, n2 is the non-linear refractive index and I is the intensity of
the laser. As a rule of thumb one can say that for B< 1 no damage or distortion will
occur. If however B> 3 in the system it is likely that material damage or unwanted
non-linear eects arise.
Self-focusing
Equation 1.28 shows that there is an intensity dependent refractive index of a medium
in time. Taking into account a common Gaussian beam prole, one can easily see that
there will be a radial intensity distribution, which leads to a refractive index gradient
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transversely to the beam propagation direction. Consequently a lens is formed causing
the beam to self-focus. The more the beam focuses itself the more it is focused since
the intensity increases. Ultimately this leads to optically induced damage in the
material. One can dene a critical power PCr indicating the point where self-focusing
overcomes diraction (for a Gaussian beam [9]).
PCr =
3:722
8n0n2
(1.30)
The critical power depends on the wavelength , the refractive index n0 and the
non-linear refractive index n2.
Self-phase modulation
The same eect that arises spatially manifests itself in the time domain leading to a
time dependent refractive index,
n(t) = nL + n2I(t) = nL + n2I0 e
( t2=t2) (1.31)
for a Gaussian pulse. This inuences the instantaneous frequency !(z,t) of the pulse
in the following way,
!(z; t) =  @'
@t
= !0   !0z
c
@n
@t
(1.32)
!(z; t) = !0 +
2!0Ln2I0
ct2
t e( t
2=t2) (1.33)
In a more general way one can write this as:
!(z; t) =  @'
@t
 !0   !0Ln2
c
@I(r; t)
@t
(1.34)
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The notation goes as follows: !0 denotes the carrier frequency, ' is known as the time
dependent phase and c is the speed of light. Further, L is the length of the medium, n2
is the non-linear refractive index and @I/@t is the time dependent intensity gradient.
The change of the instantaneous frequency in time changes the spectrum of the pulse.
This shows that spectral components are created when a very intense laser is incident
on a material. Here, for the rising edge of the pulse the frequencies are decreased
and for the falling edge increased, this is known as positively chirped. In some cases,
if the dispersion of the medium is anomalous, self-phase modulation and chromatic
dispersion can balance each other and create a so called soliton, where the spectral
and temporal shape does not change during propagation. This is a very special case
and optical solitons can be rather complicated [10].
1.3.2 Filamentation
Having established the concept of SPM and self-focusing one can go a step further
and utilise these eects to create a lament. When the beam undergoes self-focusing
it evolves into a self-similar, circular symmetric shape which is called the Townes
prole. The collapse occurs regardless of the ellipticity of the initial beam prole
which can lead to a spatial cleaning eect. The Townes prole corresponds to an
unstable solution for the non-linear Schrodinger equation governing the propagation
in transparent media where self-focusing and diraction balance each other. However
small perturbations can cause catastrophic collapse [11]. At this point the generated
plasma counteracts the self-focusing and the beam diverges. It is possible that self-
focusing and plasma generation balance each other over many cycles and generate a
lament, see gure 1.2. During this interplay it is possible that temporal modulation
instability can lead to pulse splitting [8]. The instantaneous frequency can be written
as follows:
!(z; t) =  @'
@t
 !0 + !0L
c

 n2@I(r; t)
@t
+
1
2n0c
@(r; t)
@t

(1.35)
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In comparison to the equation for the self-phase modulation, eqaution 1.34 an ad-
ditional term contributes to the instantaneous frequency !(t), which is the critical
plasma density c and density of free electrons (r,t). Thus, the plasma and the
Figure 1.2: Filament formation caused by self-focusing and plasma generation [9].
SPM interact and cause the spectrum to broaden. The lament breaks down when
the critical power for self-focusing is not reached. Each cycle a small portion of the
light escapes the lament and creates a conical emission which allows to identify the
lament size. The major part of the energy is conned to the centre of the beam.
The size of the lament can be determined by identifying the spatial region within
which the widest spectrum is found, see gure 1.3. This eect has been widely stud-
Figure 1.3: Filament with conical emission and size of lament [9].
ied as a means of post-compression for ultrafast lasers for standard Ti:Sapphire lasers
at 800 nm. Since the mid-90s several ways of modelling light propagation in trans-
parent media have emerged and the eect of lamentation was described. Braun et
al. observed self-channelling of a femtosecond laser pulse in air [12]. Here the light
propagated over a long distance seemingly unchanged. Models like the moving focus
model were employed to explain the eect. Here the lament arises from the succes-
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sion of foci caused by self-focusing of various longitudinal slices of the pulse [13]. On
the other hand Mlejnek et al. started to explain the eect of lamentary propagation
by dynamic spatial replenishment [14]. Their explanation was that the pulses are ab-
sorbed in the plasma and new pulses are replenished causing the illusion of one pulse
propagating. These models had already been established and widely discussed by
the end of the 90s. The discussion about accuracy and predictability of experimental
results is still ongoing. In the last years however a discussion has caught a lot of
attention where plasma generation is no longer seen as the major reason for the defo-
cusing of the self-channelled laser pulses [15,16]. Further models incorporating weak
odd harmonic radiation show that strong modication of the propagation dynamics
can occur [17]. These recent developments show that there is still a lot of work to
be done. In the scope of this thesis, experiments have been conducted to explore the
possibility of lamentation based post-compression in the near-IR, see chapter 4.1.
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The carrier-envelope phase or CEP, as short hand, describes the phase dierence of
the electric eld of the laser pulse with respect to the peak of the pulse-envelope. This
is dened as  or 0 depending on the textbook. The CEP can play a major role in
various applications e.g. in few-cycle pulse generation, attosecond spectroscopy and
optical parametric ampliers. In gure 1.4 the phase oset in time and the frequency
Figure 1.4: A mode-locked oscillator in frequency and time domain. Top: the frequency
comb spaced by frep and oset from zero by f0 = nf0=2, bottom: CEP dierence in
the time domain.
oset in the frequency domain are shown for an oscillator. The bottom shows a
few-cycle pulse in time with a certain CEP, . The supported frequency comb of
the oscillator in the frequency domain is shown on the top as a Gaussian envelope,
assuming Gaussian gain bandwidth. The cavity and the gain medium of the oscillator
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dene the shape of the gain spectrum, however there is an oset f0 = frep2,
where frep denotes the repetition rate of the oscillator. This slip in oset is due to the
dierence in group and phase velocity, vg and vp, of a mode-locked pulse oscillating
in the cavity. This can results in a dierent CEP for every pulse. The evolution of
the phase in time and frequency is governed by the following equations.
 = (
1
vg
  1
vp
)Lc!c (1.36)
f0 =
1
2
frep (1.37)
Here, Lc is the cavity length and !c is the carrier-frequency.
The CEP of the oscillator can be measured by the means of an f-2f interferometer
[18,19] and locked by feedback electronics that modulate the drive current of the pump
diodes or dispersion control in the oscillator. There are other ways of measuring the
CEP, but in practice this is the most common method to date. Figure 1.5 shows one
of the possible ways to lock the CEP. After the oscillator, a part of the output is
split o. This part is used to generate an octave spanning spectrum most commonly
referred to as white light generation. This can be achieved by various means. The
most common however is a photonic crystal bre (PCF), since low oscillator powers
are usually not sucient to generate white light in bulk media. The beam is then split
into a long and short wavelength arm. The long wavelength arm is frequency doubled
and recombined with the short wavelength part, which has been delayed by a prism
pair to achieve the overlap in time. In order to detect the beat note the beam hits a
grating. This causes the second harmonic to overlap with the spectrally broadened
short wavelength arm. Due to the simultaneous detection of the beat frequency and
the repetition rate it is possible to lock the phase, , thus every nth pulse exhibits
the same CEP.
fbeat = 2fn   f2n = 2(nfrep + f0)  (2nfrep + f0) = f0 (1.38)
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Figure 1.5: A typical schematic for an f-2f interferometer for CEP locking. The input is
focused to generate white light usually in a photonic crystal bre (PCF). The polarisation is
adjusted with a half-wave plate (/2), a dichroic mirror (DM) splits o the long wavelength
part which is focused to generate the second harmonic (SHG). The short wavelength part
goes through a delay line with a prism pair. A polarisation beam splitter (PBS) recombines
the two paths. After the PBS one arm is used to detect frep and the other one detects
fbeat. The beat signal fbeat is generated by dispersing the two beams with a grating (G)
and overlapping the dispersed spectra onto a photo detector.
If there is no lock the beat signal would vary shot to shot, hence stabilising the
beat frequency results in a CEP stabilised oscillator. This scientic and technological
breakthrough paved the way for modern attosecond science making it possible to even
generate all optical attosecond pulses [20]. The f-2f interferometer is not the only way
to measure the CEP. Higher order non-linear eects can be used as well, as long as
the phase relationship is known. Further, it has been possible to stabilise the CEP by
measuring the phase oset in the time domain for pico-joule level pulses [21]. In the
last couple of years eort has been put into controlling the CEP without feedback so
that no manipulation of the oscillator is necessary. This method is based on a feed-
forward approach. Here, the beam is incident on an acousto-optic frequency shifter
(AOFS), which splits the beam into rst and zero order. The phase of the rst order
is dependent on the frequency of the AOFS, whereas the zero order is used for the
CEP detection, thus it is a feed-forward approach [22{25].
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1.5.1 Ionisation
The ultimate goal of my PhD is to provide a laser source for strong-eld physics
experiments. Hence in the following I will briey discuss some key points about ion-
isation and high harmonic generation to put my work into perspective.
The Ti:Sapphire lasers, the thin-disk or bre lasers can reach intensities where the
electric eld of the laser rivals with the Coulomb eld of atoms or molecules. Ionisa-
tion can occur at intensities that do not exceed the binding potential of the atom or
molecule. In other words the interactions between laser and atom can no longer be
treated as perturbative [26, 27]. To discuss this further the electric eld of the rst
Bohr orbit (EBohr) in Hydrogen is introduced,
EBohr =
q
4  0 a20
 5 1011 V
m
: (1.39)
Here, q is the electric charge,  is the permittivity and a0 the Bohr radius (5.310 11m).
The electric eld can be used to calculate the peak intensity needed to exceed the
Bohr potential.
Ipeak =
1
2
c0E
2
Bohr (1.40)
This results in an intensity of 3.5 1016 W/cm2. This however does not take into
account that the potential bends under the inuence of the electric eld and ionisation
can occur at intensities of  1014 W/cm2. The dierent ways in which ionisation can
occur are shown in gure 1.6. The round trip time of an electron in the rst Bohr
orbit of the Hydrogen atom is 24 asec. This is relevant for theoretical calculations and
gives the time frame that the attosecond physics community tries to reach to observe
electron dynamics at the most fundamental level. In case a) a typical multi-photon
ionisation (MPI) scheme is presented. The electron absorbs enough photons to escape
the binding potential with nearly zero kinetic energy. In Above Threshold Ionisation
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Figure 1.6: Schematic for dierent ways of ionisation of an electron initially bound to a
potential due to dierent incident laser intensities; a) schematic for multi-photon ionisa-
tion, b) schematic for above threshold ionisation, c) tunnel ionisation, d) over the barrier
ionisation.
(ATI), case (b), [28] the electron absorbs more photons than needed to escape and
has some additional kinetic energy. These two can still be regarded as perturbative
eects, since the potential of the atom is not distorted. The two other cases in c)
and d) denote the non-perturbative regime, where the binding potential is distorted.
Firstly, in the tunnel ionisation regime, the potential is bent to the point where the
electron can tunnel through the barrier and reach the continuum. This is the case
for intensities of 1014 - 1015 W/cm2. For intensities bigger than 1015 W/cm2 over the
barrier ionisation (OTBI) occurs. The potential is bent so strongly that the electron
can escape freely from the atomic potential.
The intensity needed to see the dierent regimes of ionisation depends strongly on
the material that is being analysed. For example the ionisation potential of helium
is 24.5 eV, whereas the ionisation potential of larger molecules can be only a few eV.
The intensity for the ionisation needs to be incident on the material for only a short
period of time to not damage and just ionise. For this matter femtosecond lasers are
particularly well suited, due to the fact that the laser frequency is still low compared
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to the electron motion. The electron "sees" the barrier decrease and is able to tunnel
out.
1.5.2 High Harmonic Generation
Having established the dierent ways by which an atom or molecule can be ionised,
we can now look at potential applications. Due to the fact that dierent materials
have dierent ionisation potentials and orbital structures they will react dierently
to an incident laser eld. A widely spread and well established way for characterising
materials is High Harmonic Generation (HHG). In HHG the potential of the atom
is strongly bent by the incident intense IR eld (red wave, see gure 1.7) and one
electron exits the atom. Here the electron can be treated classically. As the electron
moves away from the nucleus it is accelerated and picks up kinetic energy in the laser
eld. When the electric eld of the incident wave reverses the electron re-collides
with the parent ion. The HHG radiation is created in the recombination process.
This process occurs every half-cycle. The atom or molecule reacts like an over driven
harmonic oscillator and generates multiple harmonics of the fundamental frequency
of the incident laser eld. A schematic of this process which is commonly called
the three-step-model or simple man's model is shown in gure 1.7. The characteristic
Figure 1.7: Schematic of the three-step-model for HHG.
harmonics depend on the material used in the experiment and bear information about
the material. In contrast to low order harmonic generation, like second harmonic
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generation, high harmonic generation is a non-perturbative process, see gure 1.6.
According to perturbation theory the harmonic intensity decreases exponentially with
increasing order. High harmonic generation has dierent characteristics, see gure 1.8
[29]. The lower order harmonics decrease exponentially in intensity until they reach
Figure 1.8: Schematic of a high harmonic spectrum.
a plateau region, where the intensity stays the same, which is the marker for the non-
perturbative regime. The size of the plateau or the energy spanning of the plateau is
characteristic for each material and also depends on the driving laser eld.
The three-step-model is a good way of imagining the process. It is however not exact.
As it can be seen in gure 1.7, the electron is shown as a wave function. A part of the
wave function tunnels into the continuum and interferes with the wave function in the
ground state. This causes the HHG spectrum to be coherent with the incident wave.
This coherence allows for further use in spectroscopic applications and the generation
of attosecond pulses.
The harmonic emission occurs every half-cycle of the driving laser eld. It is possible
to use techniques like amplitude gating where few-cycle pulses are generated [30] or
polarisation gating [31, 32] to conne the harmonic emission to a single half-cycle of
the driving laser. In these cases the cut-o, see gure 1.8, can become a continuous
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spectrum which can be used to generate a isolated attosecond pulse. Every technique
has its drawbacks as for example the generation of few-cycle pulses in the amplitude
gating case is experimentally dicult. Further, the polarisation gating technique
is potentially inecient because the majority of the pulse energy is not used for the
generation of the harmonics. In general isolated attosecond pulses are very interesting
for the use in pump-probe spectroscopy experiments. There are several ways to
generate isolated attosecond pulse. More detail can be found in [26].
Going back to the electron or classical picture, the maximum energy that an electron
can gain is described by the cut-o energy [33].
Ecut off = IP + 3:17UP [eV ] (1.41)
UP =
1
me

qE
2!
2
(1.42)
UP (eV ) = 9:33 10 14I2 I=^[W=cm2] =^[m] (1.43)
Here, IP denotes the binding potential, which is material dependent. UP is the pon-
deromotive energy that the electron gains being accelerated by the laser eld, me is
the electron mass, q the charge and ! the laser frequency. This shows that in order to
achieve a larger cut-o energy one needs to increase the intensity of the laser, go to
longer wavelengths than the common 800 nm or shorten the pulse. There are limits to
this. The high harmonic cut-o scales with / 2 [29, 34{36] but the eciency drops
with  5:5 [37{39] in the single atom response.
It can be seen from the cut-o energy law that short pulses and longer driving wave-
lengths are interesting for the generation of high energy photons. This is further
investigated in section 4.1 where we generate few-cycle pulses in the near-IR and use
these pulses for HHG.
Taking into account the low eciency of the process it is advantageous to go to higher
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repetition rates than the usual 1 kHz from Ti:Sapphire systems.
Increasing the repetition rate by a factor of 100 or even 1000 would be benecial for
data acquisition and signal to noise ratio. The upper limit of this scaling is determined
by the acquisition response, i.e. it would be dicult to electronically capture data at
a MHz repetition rate. One of the rst high repetition rate high harmonic generation
experiments was performed by Lindner et al. [40]. The limited pulse energy of 7µJ at
100 kHz was compensated by tight focusing in argon, where up to the 45th harmonic
was measured. Several years later Chen et al. generated 25µJ at 50 kHz in the laser
setup and consequent HHG resulted in fully spatially coherent EUV light from ar-
gon [41]. Both of these operated around 800 nm delivered by Ti:Sapphire lasers which
are limited in pulse energy at these repetition rates.
In recent years, high repetition rate high harmonics were generated from bre based
CPA systems as well. This was achieved by Hadrich and co-workers as well as Boullet
and co-workers [42,43]. These systems open the door for mW level harmonics in the
near future [42].
These systems are based and Yb-doped bres, which operate at 1030 nm and achieve
unprecedented average powers of up to 2 kW [44]. The high repetition rate and the
longer driving wavelength are very appealing for strong-eld physics experiments.
Due to this, my PhD project was set to build an Yb-based chirped pulse amplica-
tion system for the Laser Consortium at Imperial College London. To emphasise the
characteristics of ytterbium as a gain medium the following section will discuss a few
key points.
33
1.6 Ytterbium as a gain medium
1.6 Ytterbium as a gain medium
As mentioned in the previous section ytterbium exhibits some interesting features
which I will elaborate on in this section.
Ytterbium (Yb) belongs to the element family of the rare earth metals, which also
contains neodymium, erbium, thulium, holmium and others. The peak amplication
cross section of Yb3+ is located around 1030 nm and the line width is broad enough
so that sub-100 fs pulses can be generated. The absorption and emission cross section
can be seen in gure 1.9. The fact that the emission line width of ytterbium is broad
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Figure 1.9: Absorption and emission cross section of Yb3+ [45].
enough to accommodate sub-100 fs pulses makes it interesting for attosecond science.
The emission lines of for example thulium and holmium are further in the infrared
than ytterbium, which presents challenges for the CEP locking, see section 1.4 and
section 3.2.1. Further ytterbium has a low quantum defect. The dierence between
the pump photon at 976 nm and the signal photon at 1030 nm is very small. This
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results in low heat transfer to the host medium and hence less detrimental thermal
eects. For a standard Ti:Sapphire laser the pump wavelength is  530 nm and the
emission is around 800 nm, which clearly indicates a higher heat accumulation. In
gure 1.10 the energy level diagram of Yb3+ is shown. Yb3+ has hyperne states
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Figure 1.10: Yb3+ level system used for amplication in the IR [46].
with a small energy gap between the absorption and emission bands leading to the
low quantum defect. The pronounced quasi-3-level system behaviour is thereby pro-
moted, since there is a strong thermal population of the lower laser level.
The commonly used Ti:Sa is particularly well suited for the generation of short fem-
tosecond pulses. The emission cross section is 4110 20cm2, the thermal conductivity
is 33W/(mK) and the uorescence life time or upper state life time is 3.15µs [47].
Ytterbium on the other hand has a thermal conductivity of 1.38W/(mK) [48] and
an emission cross section of 0.610 20cm2 which are an order of magnitude lower
than the ones for Ti:Sa. The upper state life time of Yb however is 0.8ms [45] which
makes it possible to use cw diodes for pumping. The fact that the Ti:Sa life time
is 3 orders of magnitude smaller and the normal operation of an amplier is 1 kHz
the pump lasers need to be pulsed. This creates more complication for the amplier
system. In conclusion, Yb-bre lasers are a very promising tool, since they have the
potential to be more compact and hence easier to use than Ti:Sapphire lasers.
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Introduction to high repetition
rate femtosecond thin-disk laser
and bre ampliers
The exploitation of the properties of coherent light for material processing, sensing,
spectroscopy and a wide range of other applications became possible after the inven-
tion of the laser in 1960 by Theodore Maiman [49].
Shortly after the realisation of coherent radiation generated from ruby it was per-
formed in a gas mixture of helium and neon [50]. More and more materials have
been explored and used leading towards modern bre, thin-disk and CO2 lasers in
the multi-kilowatt regime. Using Ti:Sapphire as the active material temporal scaling
was possible more easily. Since Q-switching or mode-locking are employed, pulses
in the picosecond (10 12) or femtosecond (10 15) regime are commonly produced.
Strong-eld physics research was accelerated tremendously with the advent of the
Ti:Sapphire laser [47, 51]. Most of these employ the principle of chirped pulse am-
plication, see chapter 3.1 [52]. Not only pulse durations of 10s of femtoseconds
are commonly achieved, but it is also possible to control the overall carrier envelope
phase [53]. In order to go to few-cycle pulses, and hence increase the peak power even
further, various post-compression methods are employed e.g. hollow core bre [54]
and lamentation [9].
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Our main interest lies in ultrafast atomic and molecular physics. The Ti:Sapphire
lasers are a common tool to do this. It operates around 800 nm and is usually com-
prised of several amplication stages with cryogenically cooled crystals when operated
at multi-mJ level pulse energies and 10s of femtoseconds.
In order to create a new source for strong-eld physics my PhD project involves the
development of a bre based chirped pulse amplication system and the evaluation of
possible post-compression systems. The wavelength of the system is around 1.03 µm.
Due to the compact Yb-doped bre setup and the higher repetition rate,  100 kHz
instead of 1 kHz for the Ti:Sapphire, the system has further advantages over common
Ti:Sapphire systems, while keeping the possibility of femtosecond pulse duration and
CEP stability.
In the following, I will explain some of the most important types of solid-state lasers
for applications in strong-eld physics with their respective advantages, disadvantages
and their state-of-the-art performance.
2.1 Diode pumped solid-state lasers
The geometry of diode-pumped solid-state lasers (DPSS) has developed into several
dierent forms of the active medium. These forms tackle dierent issues connected
with laser operation. These are e.g. interaction length with the pump source, ther-
mal expansion and consequent thermal lensing and induced birefringence. The most
common geometries are the thin-disk, bre, slab or rod. The rst DPSS was demon-
strated in 1964 by Keyes and Quist from MIT [55]. They pumped calcium uoride
with a GaAs diode laser. Although diode pumping has been performed in the early
days of the laser it has slowly been implemented into industrial products at the time
due to the costs involved. Flash lamp pumping has been more cost ecient in the
early days. Nowadays diode pumping is the state-of-the-art. The rod shaped gain
medium is one of the simplest geometries and was the starting point for improvements
that led to disk and bre lasers. The rod was used with ash lamp pumping and el-
liptical reectors, gure 2.1. The lamp and the rod are placed in the conjugate foci
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Figure 2.1: Schematic of lamp pumped rod in elliptical reector (output coupler omitted),
end pumped rod with diode (single-pass), side pumped rod with diode.
of the ellipse to ensure the light is directed to the gain medium. Nowadays, the rod
is either end pumped or side pumped, see gure 2.1. Cooling is possible via the large
surface. However due to the temperature gradient in the material thermal expansion
is dierent, resulting in a refractive index gradient forming a relatively strong thermal
lens [56].
In the following I will focus on thin-disk and bre based approaches that can generate
high pulse energies applicable in strong-eld physics experiments.
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In this section, I will discuss the two main systems that are thought to be the most
compelling and achievable laser systems to generate high enough pulse energies for
strong-eld physics with a high repetition rate of 50 kHz to MHz level. The main
dierence at rst sight is that the thin-disk lasers directly generate high pulse en-
ergies and employ clever techniques for the scaling of the pulse energy. This will
be discussed in section 2.2.1. On the other hand bre ampliers often exploit the
well-known chirped pulse amplication (CPA) scheme proposed by Strickland and
Mourou [52]. An initially short and low power pulse is stretched in time, amplied
and re-compressed. Here the main challenge is to avoid damage and non-linearities in
the bres. The CPA principle will be explained in more detail in section 3, whereas
the state-of-the-art performance of bre ampliers will be discussed in section 2.2.2.
2.2.1 Femtosecond high repetition rate thin-disk lasers
General introduction to thin-disk laser
One geometry to tackle thermal eects is the implementation of the thin-disk ge-
ometry. This conguration allows a good ratio between surface and volume. The
Figure 2.2: Schematic setup of a thin-disk laser (OC: output coupler).
generated heat can easily be removed due to nearly one dimensional heat ow. The
reduced gain, due to the thin gain medium, is compensated by multiple reections
from the medium [57]. Commercial products can incorporate 3 to 4 disks with about
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100µm thickness generating up to 16 kW multimode output power [58] for nanosec-
ond pulses or cw operation. Nevertheless, there are several issues involved in further
average power and pulse energy scaling. Usually a pump spot diameter of 1-4mm is
used for ultrashort pulse thin-disk lasers [59]. In order to achieve power scaling the
pump power needs to be increased, but it is inevitable to keep the pump intensity
constant to avoid damage. This method is suitable for simple resonator designs where
the fundamental mode is not required. The increase of the pump diameter interferes
with the stability of the resonator. It can be easily understood that if the pump
diameter is bigger the area of heat deposition is bigger. Hence slight movements of
the disk, due to thermal expansion have a signicant inuence on the beam quality
and stability, even though it is common to use diamond as a heat-sink. To be able
to restrict the cavity to the fundamental mode one needs to take into account the
stability requirements for a variable lens in a resonator shown by Magni in 1987 [60].
For a thin-disk laser it turns out that the stability scales inversely proportional to the
square of the spot size on the disk [59] which needs to be considered in the resonator
design.
A more severe problem is the pulse energy scaling, since material damage might oc-
cur for high average power. This is connected to the fact that only a few percent
of the energy are transmitted through the output coupler and the main part of the
energy remains in the cavity. In order to avoid damage, one needs to reduce the rep-
etition rate and hence the average power in the cavity. This ensures that the pump
energy is transferred to fewer pulses. This can be achieved by e.g. the means of a
4-f extension or a Herriott-type multi-pass cell [61,62]. It was found that intra cavity
self-phase modulation induced by air (mainly nitrogen) limits the generation of the
target pulse in the multi-µJ regime at MHz repetitions rates. Additional group delay
dispersion compensation would be needed, which in turn would result in signicant
losses. Henceforth, one can tackle this by inserting helium or even having the cavity
in vacuum [63].
Another approach is to lower the energy in the cavity by increasing the output cou-
pler transmission. This in turn bears the necessity to increase the round trip gain.
40
2.2 Introduction to high repetition rate lasers
Subsequently, one either needs to incorporate several disks or a multi-pass congu-
ration. The feasibility of implementing several disks was demonstrated by Giesen et
al. [64]. Concomitantly the formation of single mode propagation is exacerbated due
to multiple thermal lenses in the cavity.
The multi-pass conguration was employed by several groups leading towards 108 W
average power and 31 µJ pulse energy [65{67]. Alongside the more complicated beam
path and higher demand on the laser disk, the stability of the system is undermined,
thus harder to operate.
Nevertheless it is expected that either of the above methods or a hybrid of few passes
and vacuum in the cavity will be able to provide  100µJ. Pulse energies in the 100s
of µJ range would enable the study of strong-eld phenomena. A review of recent
achievements and future expectations is presented in [59, 68]. Having discussed a
few challenges and approaches for mitigating problems in scaling thin-disk lasers in
average power and pulse energy, I will elaborate on the state-of-the-art performance
of thin-disk lasers in the following section.
State-of-the-art thin-disk lasers
The rst femtosecond thin-disk laser based on saturable absorbers was created by Aus
der Au et al. [69]. A Yb:YAG crystal was used due to its good heat dissipation. Not
only saturable absorbers, but rather Kerr-lens mode-locking was recently employed
by the Krausz group (MPQ, Munich) to generate 17W with 200 fs pulse width at
40MHz [70]. Several other material were investigated for potential use for sub-100
fs pulses. Among these were Yb:KYW, Yb:YCOB and Yb:LUO [71, 72]. These
results show the potential for further power scaling enabling the usage for strong-eld
physics. Ultrashort pulse lasers with high average powers and high pulse energies are
not only required in research, e.g. in attosecond science, but also in industry where
ablation of material without heat deposition is a growing eld of interest. High average
power of up to 460W has been achieved by Eilanlou et al. [73] demonstrating a pulse
duration of 355 fs. This system is based on a ring oscillator geometry with Kerr-lens
mode-locking (KLM) in a Brewster plate. The principle of KLM has previously been
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exploited by Pronin et al. [70]. This work led to 270 fs pulses at 1.1µJ at a repetition
rate of 40MHz and demonstrated for the rst time KLM in thin-disk lasers. In a
very recent work this was extended to 14.4 µJ with an average power of 270W at
a repetition rate of 18.8MHz and transform limited pulses of 330 fs duration [74].
More research has been conducted in the eld of mode-locking with semiconductor
saturable absorber mirrors (SESAM). Here, a lot of work has been done by Saraceno
et al., where they were able to generate 275W of average power at a repetition rate of
16.3MHz with 583 fs. In this conguration one has to consider the non-linearities in
the cavity which lead to the necessity to evacuate the air and work in vacuum. This
complicates these systems further [63]. Pulse energies up 80 µJ have been generated
Figure 2.3: Vacuum chamber and cavity setup for thin-disk laser presented in [63].
for 1 ps pulse duration [75]. Further, the commercial sector has demonstrated  40µJ
in the picosecond regime which clearly shows the interest of this work to industrial
applications [67]. These pulse energies are already interesting for attosecond physics.
They can be used for intra-cavity high harmonic generation. In these cases the pulse
energy builds up in a secondary cavity to reach suciently high intensities for strong-
eld physics [73]. However, for better control of strong-eld physics experiments
the control and adjustment of the carrier envelope phase (CEP) is important. This
was demonstrated by the Keller group (ETH, Zurich) and the Krausz group (MPQ,
Munich) for sub-micron pulse energies [76,77].
To further increase the usability of these systems in the scientic scope, one aspires
to shorten these pulses from a few hundred to 10s of femtoseconds in order to increase
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the peak power even further. A very promising way of doing this is by employment of
kagome bres. These bres can be engineered to accommodate high average powers
of more than 240W [78] or even mJ pulse energies that self-compress from 600 fs to
50 fs [79]. To the authors knowledge, the latter aspect however has so far only been
shown for low repetition rates of 1 kHz for micro-machining purposes. Nevertheless,
these advances will very soon lead to CEP stabilised high repetition rate sources for
strong-eld physics.
In order to put the thin-disk laser achievements into perspective the following section
will discuss the advances in high repetition rate bre based lasers.
2.2.2 Femtosecond high repetition rate bre ampliers
Fibre lasers and ampliers
The afore mentioned thin-disk geometry of the gain medium oers a one dimensional
heat ow. Changing the geometry into a bre conguration results in a radial heat
exchange with the advantage of a long gain medium. This geometry also allows to
remove heat eciently, since the surface to volume ratio is extremely large.
Only a few years after the rst laser was invented a bre based laser was demon-
strated [80, 81]. A rapid development in pump diode lasers allowed the success of
bre lasers in various elds from communications to material processing. Nowadays,
commercial products with high powers up to 50 kW are available in multimode oper-
ation [82].
By clever engineering of the bre, one can inherently generate single mode radiation.
This has advantages for strong-eld physics, since the interaction region can be iden-
tied more easily and the wave front is well known. A standard double-clad bre is
shown in gure 2.4. Having a small core size allows the selection of the fundamental
mode. The pump light is coupled into the cladding, whereas the seed is coupled into
the core. The pump light creates an inversion in the core. This stored energy is ab-
sorbed by the signal and hence amplies the signal. Since the refractive index in the
active core is slightly higher, the light experiences a guiding eect via total internal
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Figure 2.4: Schematic of a double clad bre.
reection. This simple geometry has drawbacks, since it is possible that the pump
light is not converted eciently into the desired laser radiation by the doped core.
One can overcome this eect by breaking the cylindrical symmetry and employment
of a D-shaped core, square shaped core or even a hexagonal cladding. Standard single
mode double-clad bres have a core size of  6 µm and a cladding diameter of 125µm.
This however imposes limits on the power handling capabilities, due to the onset of
non-linearities.
Core diameter scaling and preservation of single mode operation are essential for high
average power and high peak power lasers for strong-eld physics, especially in the
femtosecond regime. In the last decade a lot of eort has been made to improve the
bre performance. Nowadays, one can buy Yb-doped large mode area (LMA) bres
with up to 30 µm core size, which are based on the double-clad geometry. These bres
are operated in single mode by bending them to a certain radius. The higher order
modes in the bre will experience signicant losses, whereas the single mode or lowest
order mode is hardly disturbed. Further core mode scaling has been achieved by the
implementation of photonic crystal structures into theses bres. In photonic crystal
bres (PCF) the outer cladding is made up of patterned air holes. This structure
determines the mode in the core. Again, higher order modes experience signicant
losses and hence are inhibited from oscillating. In contrast to the approach for the disk
laser, the common architecture of these lasers is based on a chirped pulse amplication
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Figure 2.5: Microscope images (all at the same scale) of a) standard step index bre with
6 µm core and 125 µm outer diameter, b) 85 µm core rod type large pitch bre with 200 µm
air clad diameter, and c) 108 µm core large pitch bre with 340 µm air clad diameter [7].
scheme (CPA), which was proposed by Strickland and Mourou, see chapter 3 [52]. In
this conguration an initially low power short pulse from an oscillator is stretched in
time to reduce the peak power. This stretched pulse is then amplied in an LMA bre
and compressed again. Compared to the thin-disk laser, which directly generated the
desired laser pulse and beam quality from diode pumping, this approach uses a seed
from an oscillator with subsequent amplier stages.
Applying this principle to bre lasers, one ends up with a bre chirped pulse ampli-
cation system (FCPA), which was my PhD project. The use of ytterbium as active
medium for the generation of µJ to mJ pulse energies and femtosecond duration is
very popular. Ytterbium provides a quantum defect of less than 10% for a pump
wavelength of 976 nm and laser radiation at 1030 nm. Additionally, a large gain
bandwidth can be exploited. It has the potential to support sub-100 fs pulses, see
gure 1.6. The state-of-the-art performance of these systems will be discussed in the
following chapter.
High repetition rate bre chirped pulse amplication systems
In the last decade, several groups have been investigating the potential of high rep-
etition rate, high peak power bre lasers. Starting from the afore mentioned LMA
bres, it was possible for Fernandez et al. to generate 160 fs with 5 µJ pulse energy at
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a repetition rate of 100 kHz. Here, they employed an all bre approach. The oscillator
Figure 2.6: Experimental setup of an ytterbium doped bre amplier (YDFA) with dis-
persion compensating bre stretcher (DCF); AOM, acousto-optic modulator; LD, pigtailed
laser diode; PM-LMA, polarisation maintaining large mode area bre; PM-SMF, polarisa-
tion maintaining single mode bre; VS, variable slit [83].
pulses were stretched in a bre and the subsequent amplier stages were spliced to it.
The compression has been done externally in a grating based compressor, see gure
2.6 [83]. It was even possible to generate 20µJ from a similar system [84].
A very common way is to use an external stretcher and an external compressor. To
further boost the average power of these systems large mode area photonic crystal
bres are employed. These systems can generate up to 2.2mJ of pulse energy, cor-
responding to more than 11W average power and around 480 fs pulse duration at
5 kHz, gure 2.7 [7]. The choice for large mode area photonic crystal bres lies in the
nature of the bres. Power scaling requires an increase of the pump diameter to avoid
damage, but increasing the diameter would allow higher order modes to propagate
as well, bringing up the necessity to restrict the bre modes. Further power scaling
could be achieved by using 2 photonic crystal bres in a dierent setup. This however
caused an increase of pulse duration to 800 fs. In the course of this, a pulse energy
of 1.45mJ with an average power of 830W at 100 kHz was achieved [85]. The high-
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est average power of these systems has been achieved recently with 2 kW at 20MHz
repetition rate (100 µJ) [44]. Here however the initial 500 fs were not re-compressed.
Nevertheless, this shows the power scaling possibilities. The previously mentioned
laser system [7] was modied and two hollow core bre post-compression systems
were employed to get the pulse width to 35 fs with 380µJ pulse energy at 50 kHz
enabling the use in strong-eld physics experiments such as high harmonic genera-
tion [86]. A group at CELIA, Bordeaux with Boullet et al. demonstrated a laser
which could be operated from 100 kHz to 1MHz with pulse energies from 30 - 100µJ
depending on the repetition rate. Further a pulse duration of 270 fs could be achieved.
The system was based on a standard CPA concept but employing a rod-type PCF.
This large mode area PCF has a large core diameter of 70µm, whereas simple double
clad bres have  10µm core size. Even though the core was big, a beam with an
M2 of 1.3 could be generated [87{89]. In general, the biggest challenge is to avoid
Figure 2.7: Schematic of bre CPA system presented in [7]; OI, optical isolator; LD, laser
diode.
non-linear pulse propagation and still reach the desired energy level and pulse width.
This was tackled by Hanna et al. generating 20 µJ at 200 kHz with 200 fs. The pulse
width could be decreased compared to the aforementioned systems, due to the fact
that the gain narrowing was compensated by SPM. Despite this promising fact, fur-
ther energy scaling was not yet achieved [90]. The development of bre lasers based
on bre stretchers, free space stretchers and compressors has led to mJ level pulse
energies and a few 100 femtosecond pulse duration. To further utilise these pulses
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for strong-eld physics post-compression methods were implemented. These led to
impressive results e.g. high repetition rate attosecond pulse generation or µW level
radiation from 45 - 62 nm (Harmonics 23 to Harmonic 17) [42, 91]. As mentioned
in the thin-disk laser section the carrier-envelope phase can play an important role
in strong-eld physics experiments. A feed-forward scheme has been proposed and
implemented achieving timing jitters of less than 100mrad [23]. The CEP however
has been studied in various schemes such as Ti:Sapphire based oscillators seeding
Yb-ampliers or optical parametric ampliers, which are inherently CEP stable at
the idler wavelength. As a summary of the state-of-the-art performance of lasers in
Figure 2.8: State-of-the-art laser performance for high repetition rate lasers. Fibre lasers
[7, 42,83,85,88,92{99], thin-disk lasers [63,73,75,100,101], Ti:Sa [40,41], glass lasers [102],
where Ti:Sa, glass lasers, as well as a bre based OPCPA [103] and Innoslab based lasers
[104,105] are used to put the performance of the former two in perspective. The plot shows
pulse energy versus repetition rate from µJ to J level and Hz to GHz. A repetition rate
lower than 10 kHz is only considered for reference and is not a comprehensive illustration
of the state-of-the-art at these repetition rates.
terms of pulse energy with respect to repetition rate gure 2.8 shows the main results
for thin-disk laser and bre ampliers. Further, a few selected other laser types like
Ti:Sapphire or Innoslab lasers are incorporated for completeness and as reference.
Finally the area of our target pulse energy and repetition rate is highlighted. The
repetition rate of 50-350 kHz and 100s of micro-joule pulse energy are the target per-
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formance for our bre CPA system. It should be possible to keep the entire system
on one optical table, reach intensities sucient for strong-eld physics and high rep-
etition rate to have an advantage over Ti:Sapphire laser.
After showing the capabilities of high repetition rate systems based on the thin-disk
conguration or the bre conguration it becomes clear that they are both well suited
for applications in strong-eld physics. As a conclusion of this comparison, it can be
seen that the bre laser development in terms of average power and pulse energy is
more advanced over the thin-disk geometry. Hence, our approach is to start with a
CEP stable Yb-based oscillator with high average power and nano-J pulses. These
are to be stretched in a home built stretcher system to further provide the seed for
direct power amplication. The capabilities of this system will be explained in detail
in the next section.
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Chirped pulse amplication
systems
As mentioned in the introduction already the principle of a Chirped Pulse Amplica-
tion (CPA) system is the basis for many high energy femtosecond laser systems [52].
A schematic can be found in gure 3.1. The principle itself is rather simple. In order
to avoid material damage and non-linear eects in the amplication process the peak
power needs to be low enough, but the overall energy needs to be large.
One starts o with a low power short pulse from an oscillator. Pulses can be stretched
in time by a factor of more than 104 [106] or even more. As an example, a stretch
Figure 3.1: Principle of a chirped pulse amplication system.
from a 100 fs to 1 ns is not unusual. This large stretch is normally employed when
going for bre ampliers, whereas in common Ti:Sapphire lasers the pulse is stretched
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to 100s of picoseconds to avoid non-linear eects in the amplier. In the amplication
process a gain factor of 103 or more can be realised in Yb-doped bre ampliers [45].
After the amplication the pulse is compressed and features µJ or even mJ level pulse
energies. In the following section the basic principle of a stretcher and a compressor
is described and followed by the adaptation for our home made system.
3.1 Stretcher and Compressor principle
There are several dierent ways of building a stretcher. The scheme presented in
gure 3.2 is a good example to show this principle more technically. The input beam
hits the rst grating (G1) the dierent spectral components are dispersed and are
imaged by a lens (L1) which is placed at focal distance (f). The second lens (L2) is
at a distance of 2f from L1. The second grating (G2) is at a distance closer than the
focal length to L2.
This causes the red and blue part of the spectrum to travel dierent distances. If
the grating was to be placed in the focal plane of L2 the spectral components would
travel the same distance and hence not experience dispersion. This is the so called
zero stretch point or zero dispersion point. The back reection mirror sends the
spatially chirped beam back through the system to change the spatial chirp into
spectral chirp. The distance of the grating G2 to the zero dispersion point, or rather
the distance of the grating to its image allows for the adjustment of the chirp and
hence the stretch factor from the input to the output pulse. This distance is denoted
in equation 3.2 and gure 3.2 as L. G1 and G2 are the same, but at opposite angles to
allow for the blue part of the spectrum to be delayed with respect to the red part. In
practice if such a scheme was to be used one would place a mirror at distance f from
L1 and reverse the beam. This simplies the system experimentally. In the design
phase of these systems one has to consider the desired stretch factor to achieve the
necessary pulse duration. The compressor is further adapted to compensate for this
chirp. To rst approximation the stretched pulse only depends on the second order
phase 
00
. This is called group delay dispersion (GDD) and usually given in fs2, see
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Figure 3.2: Stretcher conguration for positive chirp, the bluer part of the spectrum is de-
layed with respect to the redder part of the spectrum. G1 and G2 have the same grooves/mm
and L1 and L2 have the same focal length.
equation 1.6. The stretched pulse duration is dependent on the initial pulse duration
and the relative chirp, see equation 3.1.
t(out) =
s
t2in + (4ln2
00
tin
)2 Gaussian; (3.1)
t(out) describes the stretched pulse width caused by a second order phase 
00
and
the initial pulse width tin. It is noteworthy that there are dierent constants for
dierent pulse shapes, in equation 3.1, 4ln2 is used for a Gaussian pulse. Now it is
possible to calculate for the needed second order phase or GDD to stretch the pulse
to the target pulse width.

00
=
 2  d3
 c2 cos(())
L
cos(())2 = 1  (d  sin()); (3.2)
L is the eective grating separation (egs) also called physical length or optical path
length. This denotes the distance between the real grating and the image of the real
grating, see gure 3.2. The given formula is for a double pass conguration where
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the pulse is spatially chirped in a single pass and spectrally chirped after the double
pass. Twice the distance from the grating to the zero stretch point denotes L in
equation 3.2. The wavelength is described by , c is the speed of light, whereas 
and  are the reectance and incidence angle of the grating, respectively. The line
density is denoted by d and given in units of grooves/mm. It is further assumed that
additional dispersion from air is neglected. More detail can be found in [3].
The compressor on the other hand generates exactly the opposite chirp to the stretcher
in order to fully compensate for the accumulated phase. Already in 1969 Treacy had
the idea to use gratings for pulse compression [107]. The chirped input hits the rst
Figure 3.3: Grating compressor with negative dispersion, blue part of the spectrum travels
shorter distance.
grating G1 which disperses the beam. The dispersed beam hits the second grating
G2. Since the gratings have the same groove density and angle the beam is linearly
spatially chirped and hits the retro reecting mirror M. M is usually a roof prism or
periscope to oset the beam in height. The beam then propagates back the same
path and the chirp is compensated. The conguration shown in gure 3.3 generates
negative group delay, because the blue part of the spectrum travels a shorter distance
and the redder part of the spectrum, resulting in the compression.
As mentioned in the introduction section 1.1, in order to provide a more sophisticated
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calculation one would have to multiply the accumulated phase to the amplitude of
the electric eld in frequency and perform a Fourier transformation.
Further, in this explanation of the CPA scheme the amplication is omitted due to the
fact that there are various ways of doing this and it is dierent for gain materials and
amplier congurations. In the amplier section 3.2.4 our approach will be explained.
In the following section the laser setup and further development will be explained.
3.2 Laser setup and implementation
In this section our home made laser system will be explained. Starting with the
performance of the commercially available oscillator, Pharos from Light Conversion.
Moving on to the chosen stretcher design and its performance. This was specied
and implemented by myself. Further the Pockels cell and amplication stage will be
described. Finally, the design and performance analysis of the compressor will be
discussed.
3.2.1 Oscillator
The oscillator is a commercially available product from Light Conversion delivering
24 nJ at a repetition rate of 69MHz with an average power of  1.65W and a pulse
duration of  92 fs. However due to the fact that a Faraday isolator is placed in the
beam path the pulse duration stretches to  140fs, according to the auto-correlation
performed by the company. This was veried by employing frequency resolved opti-
cal gating (FROG). It was possible to measure the pulse duration more accurately.
The results of this investigation is shown in gure 3.4 and yielded 143.39 fs with a
bandwidth of 14.03 fs and an FROG error of 0.0021926%.
The top left panel shows the measured second order FROG trace, which is a time
frequency map of the pulse. The top right panel in gure 3.4 is the retrieved FROG
trace with an error of  0.0022%. The left hand side of the lower panel shows the
retrieved pulse duration (black) including the temporal phase (blue). The right hand
side of the lower panel shows the retrieved spectrum (black) and the retrieved phase
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Figure 3.4: The top left shows the measured FROG trace. The top right shows the retrieved
FROG trace including the FROG error of 0.0021926%, bottom left: temporal prole with
 143 fs including phase, bottom right: spectrum and phase with a full width half maximum
of 14.03 nm, red dotted measured fundamental spectrum.
(blue). The dashed red line shows the initial spectrum. This shows excellent agree-
ment of the retrieved spectrum and the measured spectrum. To be able to trust the
retrieval one has to look at the traces rst. If the traces are symmetrical and the
retrieved trace looks like the measured one it is a rst step to be convinced of the
measurement. The FROG error denoted the agreement of the measured and retrieved
trance. If this error is below 1% it is considered to be accurate. However, if the mea-
sured and retrieved spectrum agree the retrieval can be trusted, see gure 3.4 lower
right panel.
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Frequency resolved optical gating (FROG)
In order to explain the principle of the frequency resolved optical gating I have in-
cluded the experimental setup of our home-made the FROG-device, see gure 3.5.
The beam enters the FROG and hits a 50-50 beam splitter (BS). The two replicas
Figure 3.5: Schematic of our home-made FROG setup.
are reected by M1 and M2 and overlapped in a 500 µm BBO crystal to generate
the second harmonic. The time delay  is adjusted by M1 which is on a translation
stage. The second harmonic hits the slit, which is the entrance to the 2-dimensional
spectrometer. A lens is used to image the slit onto the grating. Another lens is used
to image the grating onto the camera. This results in a 2-dimensional map of the
pulse in time and frequency. There are several commercial products available for the
retrieval of the FROG. I am using the FROG3 from Femtosoft Technologies, which
was designed by the inventor of the technique Rick Trebino and summarised in [108].
The FROG algorithm starts o by guessing an electric eld according to the temporal
and spatial margins. The calculated trace is then compared to the measured trace.
The error between the measured and \guessed" trace is denoted as the FROG er-
ror. The iterative algorithm seeks to minimise this error. The initial seed spectrum,
which is measured externally provides an important margin for the reconstruction
algorithm. The FROG trace is a time frequency map of the second harmonic of the
initial pulse. This is accounted for in the FROG retrieval algorithm. As seen in
gure 3.4 the centre wavelength of the trace is at 515 nm instead of 1030 nm. Further
detail on the retrieval and dierent schemes for FROG devices can be found in [108].
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The oscillator is carrier-envelope stabilised. The CEP is measured by means of an
f-2f interferometer and a feedback loop to a prism inside the oscillator adjusts the
dispersion to stabilise the jitter. The principle of CEP locking is explained in sec-
tion 1.4. Figure 3.6 shows setup on the optical table.
The emission from the oscillator passes through the Faraday isolator. About 200mW
are split o for the interferometer to be able to measure and lock the CEP. The CEP
Figure 3.6: Laboratory setup of the oscillator, isolator and f-2f interferometer.
characteristics of the system have been evaluated by the Light Conversion before de-
livering the system. It was possible to generate pulses with a phase jitter of 160mrad
for more than 1.5 hours, see gure 3.7. The f-2f interferometer design, described in
section 1.4, is commonly used in Ti:Sapphire lasers.
However, the implementation of this scheme poses challenges when trying to use it
with an ytterbium oscillator. The centre wavelength is at 1030 nm instead of 800 nm
and the bandwidth of the pulse is  14 nm instead of  50 nm for common CEP stable
Ti:Sapphire lasers. It is necessary to generate a large coherent white light continuum.
This is more dicult to achieve if the pulses are longer, which is the case for the yt-
terbium oscillator pulses compared to short pulse CEP stable Ti:Sapphire oscillators.
The generated white light needs to be broad enough to be able to overlap with its
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Figure 3.7: Oscillator CEP noise: left; power spectral density of CEP signal and integrated
phase jitter (Rohde & Schwarzt FSQ 26). right; long term CEP stability measurement
(Tektronix DPO7104), measurements from the specication sheet of the Light Conversion
employing Menlo Systems XPS800-E CEP locking box.
second harmonic to get a beating in the spectrum, section 1.4. The smaller band-
width and hence the longer pulse duration decreases the peak power of the pulse.
A high average power, in the ytterbium case compared to Ti:Sapphire, is necessary
to generate enough white light in the photonic crystal bre to be used in the f-2f
interferometer. Henceforth, due to the fact that the centre wavelength is shifted and
the bandwidth is smaller, in the ytterbium case compared to Ti:Sapphire, it is harder
to generate a stable beat signal that can be used for the detection and locking of the
CEP.
Common Ti:Sapphire laser can operate with  300mrad CEP jitter for several hours
after the amplier stages. Experimentally it was possible to maintain the CEP sta-
bility  2h with a stability of  319mrad (for the oscillator only). The phase jitter
is in direct relation to the standard deviation of the error signal recorded by the os-
cilloscope. The supplier of the CEP locking box Menlo Systems gives a conversion
factor of 6.4V/64*2*=0.0159V/rad. The standard deviation of the phase noise is
then divided by this factor to get the phase jitter in mrad. This conversion is due
to the output signal range from -3.2V to 3.2V, which corresponds to a phase shift of
642 [109]. The stability was however hard to maintain while working on the opti-
cal table. The mechanical stability and temperature changes in the laboratory aect
the locking stability. In order to achieve a higher long term stability of the locking,
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Figure 3.8: Measured CEP jitter over  1.5 h with standard deviation of  5mV resulting
in a phase jitter of 319mrad.
the pointing into the PCF would need to be stabilised. This could be achieved by
implementing piezo actuators on the PCF holder. Further, it was found that any
stress, by e.g. tightening a screw, induced on the breadboard holding the interferom-
eter causes the electronics to lose the locking.
In conclusion the CEP stabilisation of an ytterbium oscillator was achieved by em-
ploying the same techniques that are well established for Ti:Sapphire lasers. It is
possible to obtain locked performance comparable with Ti:Sapphire lasers, however
due to the dierent centre wavelength and bandwidth the locking is harder to main-
tain. Despite this lack in long term stability this performance should suce due to the
fact that the operational repetition rate of the amplier will be 100 times larger than
common Ti:Sapphire lasers. To put this into perspective a 3 h scan with a common
1 kHz Ti:Sapphire laser could be achieved in 2 minutes at 100 kHz.
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3.2.2 Stretcher design and implementation
Stretcher design
Having established the general concept of a pulse stretcher in section 3 we adapted
the well-known concept of an Oner type stretcher to our needs [110]. This type
of stretcher is designed to induce a large chirp and relying on reective optics. The
reective optics result in the beam path being folded back on itself to make the sys-
tem more compact. The classic stretcher employs lenses to relay the beam, 3.2. In
order to make the reective concept more approachable the beam path of the Oner
stretcher is shown in gure 3.9 in a lens equivalent fashion. In this lens equivalent
Figure 3.9: Lens equivalent Oner stretcher. Similar to gure 3.2 the incident beam hits
grating G1 and is re-imaged by L1, L2 and L3 to hit grating G2. In practice L1, L2 and L3
are mirrors with a folded beam path and G1/G3 are one grating.
picture, seen in gure 3.9, the beam hits the rst grating G1 and is re-imaged by L1,
L2 and L3 onto the grating G2. The beam path is the same as shown in gure 3.2
since the L2 is in a 4f conguration. However the triplet conguration images into a
at image plane [110] and minimises aberrations [106] in a reective congurations,
which is the reason we chose this setup for our home made laser system.
The actual beam path of the reective system is shown in gure 3.10. The short pulses
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enter the stretcher and hit the grating at an angle =8 , this is the injection angle
and is measured with respect to the diraction angle . This angle is the diraction
angle of the centre wavelength of the pulse. The spectrum is dispersed by the grating
G and hits the concave mirror (M1), which focuses the beam onto the convex mirror
(M2). The convex mirror relays the beam back onto the concave mirror (M1) and
towards the grating (G). The beam exits spatially chirped and collimated onto the
retro reector M3. This is the rst pass through the system and is equivalent to the
rst pass from left to right in gure 3.2. As a retro reector or double pass mirror
it is common to use a periscope or a simple mirror. However a simple mirror might
induce unwanted wavefront tilt, since the beam will hit the grating with an angle
other than perpendicular to the ruling. The double pass mirror reects the beam
Figure 3.10: Oner stretcher based on a 1740 lines/mm gold grating, a concave mirror with
ROC(M1)=1200mm and a convex mirror with ROC(M2)= - 600mm.
back the same way and the spatial chirp is converted into a temporal chirp. Due to
the height displacement induced by the double pass mirror (M3) the stretched pulse
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can be picked out.
The optics are precision custom optics made by Optique Fichou with an rms sur-
face quality of 20 nm and silver coating. The concave mirror has dimensions of
200 200mm and a focal length of f= 600mm, whereas the convex mirror has di-
mensions of 35 120mm and a focal length of f= -300mm. The gold grating has a
large aperture of 120 140mm with a reectivity of 90%. The size of the optical
elements was designed to accommodate at least 3 the full width half maximum
band width in order to keep the size of the optics manageable and astronomical costs
for huge aperture optics are avoided.
Further, the size is essential to be able to inject and extract the beam. The high line
density of 1740 grooves/mm assists to the compactness of the system, which has a
footprint of 1100300mm including the mounting system. The grating is specied
to work at an angle of up to 8  of the Littrow angle, which is 64.2 . The Littrow
angle is the blaze angle of the grating, when using the grating in this conguration
the incident beam reects back onto itself. Most gratings are optimised to work in
1 st or - 1 st order, this as well depends on the sign convention. In order to operate
the gold grating at its highest diraction eciency the incident polarisation had to
be set to p-polarisation.
Mechanical design and implementation in the laboratory
The optics in the stretcher and the compressor are custom optics with special dimen-
sions. Due to this we had to engineer custom made mounts for these optics. The
design and mechanical assembly has been done by Andrew Gregory our group engi-
neer. We specied the degrees of freedom needed to be able to adjust the optics as
accurately as possible.
The mechanical stability of theses mounts play an important role in the entire CPA
system. Since the oscillator is CEP stable any vibrations needs to be avoided consid-
ering that a micrometer movements might distort the CEP stability.
It was specied that the grating mounts needed to be adjustable in 4 directions. The
rst degree of freedom should be to be able to move in z-direction along the beam
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path to adjust the stretch of the pulse. The second one, the rotation of the grating
to allow for the right angle to be selected for the reection of the 1 st or - 1 st order
with respect to the incoming beam. Thirdly, the tipping angle of the grating needs to
be adjust to able to adjust the grating to be perfectly straight and act like a mirror
for the zero order, this is important to avoid distortion of the wavefront when hitting
the grating. The fourth degree of freedom is the ruling angle of the grating. Here the
ruling of the grating needs to be adjusted to be perpendicular to the polarisation of
the incoming laser eld. This ensures that the diracted beam is parallel to the opti-
cal table. In most systems the z-direction and the ruling angle adjustments are done
by hand to avoid complexity of the mounts. This approach however was considered
to be too inaccurate and led the implementation of a goniometer which the centre of
curvature in the centre of the grating, see 3.11. The mount shown in gure 3.11 has
Figure 3.11: Grating mount with 3-axis adjustment, courtesy of Andrew Gregory.
a 3-axis adjustment. This basis was put on a translation stage in order to get the
specied 4-axis movement.
Further designs were implemented for the concave and convex mirrors. The mirror
mounts are adjustable in tip-tilt. The large concave mirror mount was designed to
be at a certain height, due to the fact that the centre of the grating in the grating
mount denes the height of the optical axis. This determined the height of 18cm.
The convex mirror is mounted in a bridge like fashion to allow the diracted beam
to pass on the top and the bottom undisturbed.
63
3.2 Laser setup and implementation
Figure 3.12: Convex (left) and concave mirror (right) mounts, courtesy of Andrew Gregory.
Stretcher performance
In order to predict the performance of the stretcher equations 3.2 and 3.1 have been
employed to calculate a suitable stretch and grating separation. The aim was to
stretch the pulse to 1 ns for the bandwidth of 14 nm from the oscillator. The grating
angle  was set to 69  and an eective grating separation of 580mm was chosen.
This calculation led to a pulse duration of 650 fs assuming a 90 fs pulse centred at
1030 nm. In the experiment we tried to minimise the spectral clipping, which can
be seen in gure 3.13. The spectrum was measured with a bre coupled StellarNet
Blue-Wave spectrometer with a resolution of 0.25 nm and a range of 780 - 1185 nm.
The spectral clipping in the stretcher is slightly asymmetrical and at the level of a
few%. The resulting measured pulse duration is shown in gure 3.14. The full width
half maximum pulse duration was measured to be 700 ps. This results coincides with
the calculation if one takes into account the pre-stretching the pulse experiences by
propagation through the Faraday isolator after the oscillator. The temporal shape of
pulse was recorded by a 70 ps rise time photodiode (Thorlabs) and 2.5GHz Tektronix
oscilloscope. Theses pulses were sent to the compressor so that the alignment and
re-compression could be adjusted. However in the cause of this it was found that the
compressor gratings were optimised for Littrow which is 64.2 . The diraction e-
ciency decreased to  70% per reection. This defeated the purpose of high eciency
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Figure 3.14: Pulse duration for stretcher at 69  and FWHM of 700 ps.
gratings and potentially cause problems with strong stray beams after amplication.
Nevertheless, the functionality of the stretcher has been proven including the calcu-
lation for the stretch induced.
In order to be able to harness the full eciency of the compressor the stretcher needed
to be rebuilt in Littrow conguration. In this conguration the injection and extrac-
tion needed to be on axis. Since in Littrow conguration the centre wavelength of
the diracted beam propagates along the optical axis a slight angle in the vertical
direction had to be chosen to be able to extract the stretched pulse after passing
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through the stretcher. The beam path of the recongured stretcher is shown in g-
ure 3.15. In contrast to the stretcher conguration shown gure 3.10 the injection of
Figure 3.15: Stretcher setup in Littrow angle. The beam is injected on axis with a D{
shaped mirror initially exhibiting a small angle in vertical direction onto the grating. After
the propagation through the system the stretched pulse is extracted. It exits the stretcher
low on the injection D-mirror.
the beam is on axis. Two steering mirrors are used before the injection D-shaped
mirror to induce an angle so that the diracted beam passes over the D-mirror. The
beam then propagates to the concave mirror, to the convex mirror and back to the
concave mirror. The concave mirror then directs the beam to the grating where it is
collimated and stays on axis.
It would be experimentally possible to have more clearance. Despite this, I decided
to keep all the beams as close as possible to avoid wavefront deformation due to an
angled incidence on the grating. The angle is less  0.2 , this further results in a
minimum of spatial chirp.
The implementation of this new scheme seemed promising, due to the changed input
angle the induced stretch was bigger. In order to achieve the upper limit of the ini-
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tially targeted pulse duration of 1 ns the grating separation was changed to 640mm,
instead of 580mm. This separation led to a calculated pulse duration of 950 fs. As
shown in gure 3.16 the clipping of the spectrum is now symmetrical around the cen-
tre wavelength on the 10% level of the intensity. However the bandwidth of the pulse
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Figure 3.16: Stretcher spectrum and oscillator spectrum in Littrow angle conguration and
pulse duration with FWHM duration of 1.04 ns.
was maintained. The measurement of the pulse duration yielded 1.04 ns, as shown
in gure 3.16. If one takes into account the pre-stretch from the Faraday isolator
the discrepancy between the calculation and the measurement is marginal (950 fs to
1.04 fs, with the initial chirp from 90 fs to 143 fs, see gure 3.4).
The eciency of the stretcher is a useful quantity to know in order to estimate if the
system is aligned well. The input power to the stretcher is 1.34W, whereas the output
power is 730mW this yields an eciency of 54.5%. Taking into account the 9 hits
on silver mirrors and 4 hits on the grating, further assuming 98% reectivity for the
silver and 90% for the grating eciency, the calculated stretcher eciency is 54.7%.
Since the gratings are specied to have an eciency > 90%, this can be attribute to
degradation of the grating over time due to humidity, dust in the laboratory and the
spectrum clipping in the stretcher.
In order to further characterise the stretcher output beam the spatial chirp was inves-
tigated. The spatial chirp is important since a more uniform beam leads to a cleaner
focus when trying to couple into the bre. For the spatial chirp measurement the
beam was multiplied by a factor of 4 and a bre coupled spectrometer was scanned
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transversely to the propagation of the beam. A spatial region of 100µm was selected
with an iris to minimise spatial averaging. The results of this measurement can be
seen in gure 3.17. Twelve traces were recorded with steps of 1mm to scan the entire
beam. A stability of  0.5 nm was found for the centre wavelength of 1030.5 nm. It
was decided that this amount of spatial chirp was convincingly small to proceed to
the compressor.
Having shown that the stretcher shows predictable behaviour and stretch coincides
with the calculations the next step was to send this to the compressor. The results
of the initial compressor adjustment to compensate for the stretcher can be found
in section 3.2.5. For further progress on the beam line the beam size and divergence
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Figure 3.17: Spatial chirp after the stretcher. On the left: 12 traces and their respective
centre wavelengths, revealing 1030.5 nm 0.5nm measured in 1mm steps. On the right:
Colormap of the spatial chirp.
was adapted to allow for undisturbed propagation through the Pockels cell. A beam
diameter of 1mm with a divergence of 0.5mrad was set.
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3.2.3 Pockels Cell and Pump diode
Pockels Cell
The Pockels cell employed is based on an RTP crystal (rubidium titanyl phosphate).
The RTP crystal exhibits nanosecond scale switching capabilities which make it par-
ticularly interesting for high repetition rate pulse selection in the 100 kHz to MHz
range. The more commonly used BBO (beta barium borate) crystals oer good per-
formance up to 30 kHz. Pulse pickers based on acousto optic modulators are capable
of high repetition rate performance, however their rise time is in the microsecond
regime. Further, the slow propagation of the acoustic wave can limit the aperture
size. The RTP crystal oers fast switching capabilities, but it is not as thermally sta-
ble as BBO, which could be cumbersome when operating with few watts of average
power. This is due to optically induced birefringence [111].
The Pockels cell has no inuence on the spectrum or pulse duration after the stretcher,
which can be seen in gure 3.18. The Pockels cell was placed between two crossed po-
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Figure 3.18: Spectrum (left) and pulse duration (right) unchanged after collimation optics
and Pockels cell.
larisers (GL10-C, Thorlabs) which gave an extinction of 33000 : 1 (660mW to 20µW).
Placing the Pockels cell resulted in 200µW being transmitted through the output po-
lariser. Since this radiation had the right polarisation to be transmitted by the output
polariser it is assumed that the afore mentioned optically induced birefringence is the
cause. During the examination of the beam prole it was found that the wings of the
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Gaussian beam seem to experience a waveplate like behaviour from the Pockels cell.
When voltage is applied the selected beam is in the centre between the birefringence
induced beams, see gure 3.19.
The optimised selection voltage is 1560V, which results in a signal strength of 1.2mW
at 100 kHz. The extinction ratio of the Pockels cell can be readily calculated by di-
viding the average power 200µW by the repetition rate of the oscillator of 69MHz
resulting in 2.9 pJ. The same calculation can be done for the selected repetition rate
resulting in 1mW/100kHz = 10 nJ. This results in an extinction ratio of  3450 : 1.
The fast switching Pockels cell driver was supplied by BME Bergmann KG. The
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Figure 3.19: Beam prole after Pockels cell. Left: voltage applied and 1.2mW of average
power. Right: no voltage applied and 200 µW of average power.
Pockels cell driver can deliver down to 2 ns gates for pulse selection. This gate can be
shifted with a resolution of 25 ps. This driver and the RPT Pockels cell (Leysop) with
dimensions of 4 20mm are optimised to work at frequencies in the 100 kHz regime.
The fast switching is accomplished in a 4 channel conguration. The switching circuit
and the electrical gate signal are shown in gure 3.20.
High voltage can be switched on to set channel A to high. Since a single switch is not
fast enough for what is needed in this high repetition rate system channel B can also
be set to high. This results in zero voltage across the Pockels cell crystal. For the
second gate channel A switches to zero leaving channel B high. Hence the Pockels
cell is active. When B switches back to low the gate is closed again. The driver can
be operated with an internal or external trigger. In our case the oscillator has an
integrated photodiode. The signal of the photodiode is converted in a pre-amplier
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to generate a sine wave at the frequency of the oscillator repetition rate. This signal
is fed to the Pockels cell trigger port.
Figure 3.20: Top: Pockels cell circuit. Bottom: Electrical gate signal [112].
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Pump diode
The pump diode is a 55W bre coupled unit with dimensions of 46 45 11mm.
The diode is designed to be operated at full power which would generate 976 nm
at 25 C. However according to the specications given by Nlight the emission can
vary from 973 nm to 978 nm when the laser module changes temperature from 20 to
35 C. This caused the necessity for an adjustable temperature control system. The
electronic and mechanical design of the temperature control system has been done by
Susan Parker, whereas I did the assembly.
A few basic parameters needed to be considered. The diode generates up to 66W of
waste heat at full power. Overheating of the diode could cause lifetime reduction or
damage. In order to be able to operate at lower drive currents than the maximum and
still stabilise the emission line, a temperature sensor with feedback loop was designed
and implemented. Further, it was important to be very accurate, since this allows
for the exact ne tuning to the maximum of the absorption of the amplier bre. It
was decided that a Peltier element was to be used in conjunction with a water cooled
copper block, a 3-dimensional CAD drawing can be seen in gure 3.21. The Peltier
Figure 3.21: CAD model of pump diode with cooling block, Peltier element and mounting
plate, courtesy of Susan Parker.
element provides a nominal cooling power of up to 88W. It is placed between two
graphite based heat conducting foils that increase the surface contact between the
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diode and the Peltier element, and the copper cooling block. A further advantage of
the Peltier element is its ability to be used as a cooling or heating unit depending
on the input current. A block diagram for the setup can be seen in gure 3.22. The
Figure 3.22: Block diagram for electric circuit of Arduino based PID feedback and temper-
ature control.
PC is connected to the Arduino Uno board via USB and allows the user to change
the temperature set point. The Arduino board is connected to an analog to digital
converter board that converts the signal from the PT100 sensors into a temperature
(analog-to-digital converter). The sensors are placed on the diode and the cooling
block, so that a reference can be established. The temperature set point acts as the
target for the PID controller in the Arduino code, which acts on the current controller
of the Peltier element. Since a relay was implemented, which can reverse the current,
we have the ability to heat and cool the pump diode.
In order to show the wavelength stabilisation a 3 h measurement at 3 dierent drive
currents of the diode was conducted. Figure 3.23 shows the spectral stabilisation and
output power uctuations over a period of 3 h. The top panel refers to 1A, the centre
to 3A and the lower panel to 6A. The wavelength was stabilised to 974.5 nm as a
proof of principle exercise. Since the temperature reading is accurate to a fraction of a
degree we can stabilise the wavelength to any centre wavelength. However the limiting
factor is the deviation over time. As shown in the spectral plots as intensity prole
or colormap the spectral uctuations are of the order of 0.5 nm. This is indicated by
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Figure 3.23: Wavelength and power stability of the pump diode for 3 selected drive currents,
1A (top panel), 3A (centre) and 6A (lower panel); from left to right: normalised intensity
vs. wavelength; colormap of spectra acquired over 3 h; power log over 3 h.
the red lines in the spectra shown on the left hand side. The spectra were taken in
regular time intervals over the 3 h time window. The spectral plots are normalised
in order to be able to compare the spectral width at dierent drive currents. It
can be seen that the FWHM increases by about 1.5 nm from 1A to 6A of drive
current. The power stability of the pump diode at 1A shows a standard deviation
of 0.016W around a mean of 2.837W. At a pump current of 3A 14.37W of optical
power were measured with a 0.05W. Lastly, 6A of drive current result in 30.86W
with a deviation of 0.14W. The power stability of the pump laser is better than 0.5%
for all drive currents. Having established the characteristics of the pump diode allows
us to move forward to the amplier stage. The good wavelength and power stability
of the system will allow to optimise the bre amplier, since it will be possible to ne
tune to the maximum of the absorption in the bre.
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3.2.4 Amplier
As mentioned in the introduction to high repetition rate bre based CPA systems,
section 2.2.2, multi-µJ pulse energies are achievable with large mode area bres. How-
ever most systems like i.e. [83] which is depicted in gure 2.6 start from pico-joule level
oscillators.
In our case the oscillator delivers 10 nJ at 100 kHz after the Pockels cell, which allows
us to go straight to the power amplier to obtain µJ level pulses without the neces-
sity of pre-ampliers. This allows us to keep the system more compact and easier to
operate.
The bre amplier is based on a large mode area (LMA) polarisation maintaining
bre from Nlight (Yb1200-30/250DC-PM). The ytterbium doped core diameter is
30 µm, whereas the cladding is 250 µm in diameter. The NA of the core and cladding
are 0.076 and 0.46 respectively. All initial experiments were conducted with a bre
length of 2.3m. The seed from the Pockels cell with 10 nJ of pulse energy, 100 kHz
Figure 3.24: Schematic view of bre coupling. L1 is used to adjust the beam diameter at
the bre focus lens; L2 is the pump laser collimation lens; L3 is the bre focus lens for
pump and seed; L4 is the bre collimation lens.
repetition rate and a pulse duration of 1 ns propagates through a telescope, here L1
is used to adjust the beam diameter at L3. The beam diameter is varied from 1mm
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to 1.4mm. Changing the diameter on L3 results in dierent focus sizes, which are
evaluated with a microscope objective to match the mode eld diameter (MFD) of
the LMA as closely as possible. Since the MFD depends on the bre geometry it was
not know what the beam diameter had to be used exactly. As a rule of thumb one
can aim for 70% of the core diameter. This however was studied to optimise the core
mode excitation.
Further L2 is used to collimate the pump beam. The pump bre diameter is 105µm
which is collimated by L2 with f= 37.5mm to 16.5mm. This results in an NA of
0.458. L4 on the other hand is used to collimate the output of the bre to be able to
send it to the compressor, which will be discussed in the next section 3.2.5.
In order to excite a single core mode the bre has to be coiled to a certain diameter.
This posed another challenge, since it wasn't specied by the manufacturer which
diameter to use and dierent publications state dierent diameters for the bre we
used (8 cm coil diameter [5], 10 cm [6]). The numbers are usually given for a certain
attenuation for higher order modes and it is expected that this is sucient for single
mode operation. However it was decided that this was a parameter of optimisation,
due to the fact that more bending would induce more bend losses also on the fun-
damental mode. Hence, in order to optimise the bre amplier a balance has to be
found to generate a good beam prole whilst maintaining strong amplication.
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Core mode optimisation
As mentioned earlier in [5] and [6] dierent bend radii are quoted to produce a single
mode operation of the bre amplier. As an example I will show two extreme cases
that we have analysed. This landscape study was done for coil diameters of 5 - 10 cm
and focal spot diameters from 16 µm 16µm to 23 µm 25 µm with 5 intermediate
steps. These values were chosen due to the fact that in interplay between ideal coil
diameter, focus diameter and ideal amplier performance was expected. The spot size
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Figure 3.25: Top left: seed focus measured with magnication of 48 times, resulting in a
1/e2 diameter of 16 µm 16 µm, top right: core mode of bre imaged without pumping,
bottom left: core mode with 1A (2.8W) of pump power, bottom right: core mode with 3A
(14.3W) pump power.
was measured with a microscope objective of nominal magnication of 50 times this
turned out to be 48 times when calibrating it for the wavelength range of operation.
The microscope objective was attached to a camera and to a 3-axis translation stage
to clearly identify the focus. Figure 3.25 shows the focus (top left panel) and the
core modes for dierent pump powers. The core mode of the bre imaged onto a
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camera to identify the light in the core (top right panel). Further the bottom left
panel shows the core mode for 1A (2.8W) of pumping whereas the bottom right panel
shows the beam prole for 3A (14.3W) of pumping. The bre was coiled to 7 cm for
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Figure 3.26: Top left: seed focus measured with magnication of 48 times, resulting in a
1/e2 diameter of 23 µm 25 µm, top right: core mode of bre imaged without pumping,
bottom left: core mode with 1A (2.8W) of pump power, bottom right: core mode with 3A
(14.3W) pump power.
the beam prole shown in gure 3.25. It can be seen that there is now clear sign of
a core mode without an amplication (top right panel gure 3.25). This suggested
that the numerical aperture was too large to couple the light perfectly into the core.
Nevertheless, a good beam quality could be observed at 2.8W of pumping (lower
left panel gure 3.25) suggesting that amplication is present, but due to the initial
coupling issues is not ecient. At higher pumping of 3A and 14.3W the mode splits,
suggesting that the good beam quality cannot be preserved. This was identied to
be caused by vibrations of the bre due to the pump. The pump heats the bre tip
and causes vibrations that change the pointing into the bre and hence change the
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amplication.
The other extreme identied was the case of 23 µm 25µm diameter focus and a
10 cm coil of the bre, which is shown in gure 3.26. The focus shown in the top left
panel of gure 3.26 is slightly astigmatic, which could impair the coupling. However
the predominant degradation of the core mode is attributed to the coil diameter of
10 cm. The top right panel illustrated the core mode without any pump. Already
here it is visible that more than one mode seems to be present in the core. The
evidence is underlined by looking at the bottom left panel which shows the case of
1A (2.8W) of pumping. Here it is clearly visible that a superposition of higher order
modes is present. Additionally to higher order modes, mode instability sets in for
14.3W of pumping. This manifests itself in this regard by an amplitude uctuation
of the hot spots seen in the lower right panel of gure 3.26. These two cases show
characteristic behaviours for the 30/250 LMA-ytterbium doped bre in use in our
experimental setup. The eects of mode instability and higher order modes need
to be minimised in order to be able to operate the system in a stable regime for
experimental applications. The best compromise solution was found to be for a coil
diameter of 5 cm and a focus size of 17.5 µm 21µm, see gure 3.28.
The spectral behaviour during the amplication process will be explained in the
following sub-section.
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Spectral optimisation
Having established a parameter space for the coil of the bre and focus we now moved
on to see the spectral response of the amplier. This is important due to the fact
that it is possible to get gain shaping, which in turn could cause problems in the
compressor.
We ideally want the amplication to use the entire input spectrum of the seed to
be amplied since the compressor was optimised for this, see section 3.2.5 for the
compressor and see gure 3.18 for the input spectrum. In order to see the spectral
response of the amplier bre we looked that the Amplied Spontaneous Emission
(ASE) signal at 2.8W (1A) of pumping. The spectrum of the ASE and the input seed
spectrum are shown in gure 3.27 qualitatively on the same scale. The ASE spectrum
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Figure 3.27: Normalised ASE spectrum (blue solid) at 2.8W of pumping and seed spectrum
(green dashed) comparison.
can be assumed to represent the amplication bandwidth of the bre. Since the spec-
trum of the ASE around the spectral range of the input seed shows a variation in gain,
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it can be assumed that we might observe gain shaping eects during the amplication
process. The determination of the best focus size and bend radius was found to be
17.5µm 21 µm focus diameter and 5 cm coil of the bre. These parameters were
chosen to further analyse the spectral capabilities of the bre amplier. Figure 3.28
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Figure 3.28: Left: Seed focus 17.5 µm 21 µm; centre: core mode for 5 cm coil and 2.3m of
bre, right: core mode spectrum.
shows the seed focus size of 17.5 µm 21µm, which was the most ideal size achievable
in the setup. Further, the central picture shows the core mode with  10 µW of power
with an input of 1.2mW. On the right hand side one can see the core mode spectrum.
It can be seen that this is clearly deformed from the input spectrum, see gure 3.27.
This deformation is assumed to be caused by to the absorption and re-emission of
the doped core. The initial deformation of the core mode spectrum was maintained
when amplifying the core mode seen in gure 3.28. In gure 3.29 the core mode and
the associated spectra are shown for 2.8W, 7.8W and 15.4W of pumping. The top
panel shows the case of 2.8W of pumping, where the spectrum exhibits a double peak
structure. The part of the spectrum closer to the main wavelength of the input seed
spectrum competes with the main transmission of the core mode centred at 1040 nm.
For the case of 7.8W of pump power (centre panel) one can see that the beam shape
slightly decreases from the 2.8W case (top panel). Further the spectrum is smoother
but centred at 1037 nm.
The lowest panel shows the case for 15.4W of pump power. It can be seen from the
beam prole that the mode has shrunk and a small side lobe has appeared. This
side lobe uctuated in intensity and corresponds to the spectral spike seen in the
associated spectrum. This side lobe and the spectral peak were found to be mode
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Figure 3.29: Beam prole and amplied spectrum with seed spectrum as reference for 2.8W
(top panel), 7.8W (centre panel) and 15.4W (lower panel).
instabilities (as described earlier, gure 3.26) caused by heat generated at the bre
tip and the bre holder not being sturdy enough to keep the bre from vibrating.
The centre of the spectrum has now moved to 1035 nm with a bandwidth of 13 nm.
This should be able to be compensated for by the compressor and still achieve 100s
of femtosecond duration, see for the compression section 3.2.5.
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Output energy optimisation
Having separately established boundaries for the operation of the amplier in terms
of spatial and spectral response, the discussion is now expanded towards the output
energy, which will dene the usability in further experiments.
The 30/250 Yb-doped bre was set up with a 5 cm coil, a length of 2.3m and a
seed focus size of 17.5 µm 21µm. In gure 3.30 the pump power vs. signal power
amplication curve is shown which resulted in the overall best performance in terms
of modal, spectral and output power response. The pump was gradually increased
0 2 4 6 8 10 12 14 16
0
0.5
1
1.5
2
Pump%power%[W]
S
ig
na
l%p
ow
er
%[W
]
Pump%power%vs.%signal%power
slope%efficiency%26tPixel
P
ix
el
800 850 900 950 1000 1050
450
500
550
600
650 0
0.2
0.4
0.6
0.8
1
1000 1010 1020 1030 1040 1050 1060
0
0.25
0.5
0.75
1
Wavelength%[nm]
In
te
ns
ity
%[a
.u
.]
FWHM%=%13.3nm
Figure 3.30: Amplication: pump power vs. signal power for 5 cm coil diameter, 2.3m bre
length, 30/250 Yb-doped LMA bre with a spot size of 17.5 µm 21 µm, inset near-eld
beam prole and amplied spectrum at 13W pump power, 26% slope eciency for high
pump powers.
to 15.4W and at each step the spectrum and beam prole was recorded. The inset
in gure 3.30 shows the near-eld beam prole, which shows the output of the bre.
This is imaged onto the camera by the collimation lens after the bre. Further, the
second inset shows the amplied spectrum centred at 1035 nm with a bandwidth of
13.3 nm at FWHM. The beam prole and spectrum were recorded for a pump power
of 13W which resulted in a signal power of 1.3W without mode instabilities. Taking
into account the input seed power of 1.2mW we end up with a gain of 103 or 30 dB.
The signal has not yet reached saturation, however pumping harder increases mode
instabilities. This was seen at an earlier stage where we used 500 µW input power at
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100 kHz and 38W of pump power, which resulted in a signal of 13W average power
and 130 µJ of pulse energy. Even up to this stage no gain saturation was observed.
Due to the fact that we could pump up to this level we are convinced that more pulse
energy can be extracted from the system in the future. This led to the spatial and
spectral studies to identify the reasons for the instabilities with the target to mitigate
these and operate the laser stably at high pump powers.
To summarise, we have analysed the limitations of our bre amplier stage in terms
of beam quality and spectral performance. These two characteristics then determined
the range of output energies achievable in the current setup. The amplier generates
1.3W, or 13 µJ of pulse energy, at 100 kHz with a centre wavelength of 1035 nm and
a FWHM bandwidth of 13.3 nm. This bandwidth is close to the  14 nm provided
by the oscillator implying that few hundreds of femtosecond of pulse duration could
be achieved after re-compression. Our eorts on the compression are summarised in
section 3.2.5.
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3.2.5 Compressor
The last part of the laser system is the compressor, which is set up to cancel the
phase induced by the stretcher. The conguration employed in our setup is based
on a standard compressor shown in gure 3.3, however the reective gratings have
been changed to transmission gratings. These gratings were chosen due to the size,
eciency and costs involved. The gratings have dimensions of 75mm 120mm with
Figure 3.31: Transmission compressor based on two 1740 grooves/mm holographic gratings.
a nominal eciency of 96% at Littrow angle of 64.2. The grating line density of the
compressor is the same as the stretcher 1740 grooves/mm. The grating angle of the
stretcher was measured to be 63.8 0.1, which was set for the compressor angle as
well. However it was found that changing the angle a few degrees can dramatically
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change the diraction eciency to 70%. Further, the transmission gratings are highly
sensitive to polarisation, which is meant to be s-polarisation. The overall eciency
can be estimated to be  70% if all optical elements have their nominal eciency
of 96%. The optical setup of the compressor is shown in gure 3.31. The beam en-
ters the system and hits the rst grating centred and low. The beam is dispersed
onto the second transmission grating, which has the same angle. The beam is then
changed in height by the double pass periscope mirror and sent back the same beam
path. Figure 3.32 shows the FROG measurement after the stretcher and the com-
Figure 3.32: FROG measurement after the stretcher and the compressor bypassing the
Pockels cell and amplier stage. The top left shows the measured FROG trace, The top
right shows the retrieved FROG trace including the FROG error of 0.003167%; bottom
left: temporal prole with  239 fs including phase, bottom right: spectrum and phase with
a FWHM of 12.71 nm, red dotted measured fundamental spectrum.
pressor bypassing the Pockels cell and amplier stage. In gure 3.32 the measured
FROG trace with its reconstruction is shown in the top panel. A FROG error of
 0.0031 indicates very good agreement between the measurement and the retrieval.
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The lower panel shows the temporal prole including phase on the left with a FHWM
pulse duration of 239.1 fs. Further the lower panel right hand side shows the retrieved
spectrum (black) and its phase (blue). Additionally the input spectrum to the FROG
is shown in dashed red. The input and retrieved spectrum coincide with a bandwidth
of 12.7 nm (FWHM).
The pulse duration of  240 fs was the shortest achievable re-compression. Scanning
the compressor in z-direction showed a clear increase in pulse duration. During the
alignment and adjustment of the transmission grating holders to achieve the compres-
sion a few issues arose. During the adjustment of the tip angle the mount exhibited a
backlash, due to a micrometer screw pushing against xed counter balancing springs.
Over time these springs lose their stiness and the grating tip angle is changed.
Further, it was found that the goniometer adjusting the ruling angle of the grating
exhibited a backlash, while tightening the locking screws. These two parameters are
assumed to be the major reason for the re-compression to  240 fs instead full phase
compensation.
The compression of the amplied pulse is work in progress. However there is no
physical limitation in the system, since the phase compensation of the stretcher has
been proven.
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In conclusion the Pharos oscillator provided by Light Conversion delivers 90 fs pulses
at 69MHz with an average power of 1.65W after the Faraday isolator. The Faraday
stretches the pulse to 140 fs, these specications given by Light Conversion have been
veried by employing Frequency Resolved Optical Gating (FROG) for the temporal
measurements. Further, the quoted CEP stability was set to be 161mrad over more
than 1.5 h, however the best eort measurement in our laboratory revealed 319mrad
over the same period of time. To improve this one would need to shield the f-2f
interferometer box from thermal and mechanical vibrations. The stretcher system
Figure 3.33: Picture of the stretcher setup shown schematically in gure 3.15 with high-
lighted convex mirror and at double pass mirror.
has been proven to work as initial calculations suggested and produced  1 ns pulses
with excellent beam quality as shown in gures 3.16 and 3.17 . The stretcher system
is however vulnerable to air current generated by the air condition. If the stretcher
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is not shielded the pointing stability is impaired. Since the total optical beam path
in the stretcher is about  10m any air current can aect the pointing. This could
be easily quantied by employing a beam proler and measuring how the centroid of
the beam moves over a day. Additionally to this, two of the mirror holders in the
stretcher are rather delicate and the most likely cause of misalignment. In gure 3.33
the convex mirror holder and the at double pass mirror are highlighted. The convex
mirror is spring loaded which could result in the spring loosing tension and hence
misalign the stretcher. However the at double pass mirror is not a custom holder
made by the work shop and is hence more unstable. This is mainly caused by the
horizontal setup of a half-inch post to hold the mirror in place. The mirror is mounted
o axis and causes the post to rotate slightly over time.
The Pockels cell is well aligned and achieves a good contrast of 3450 : 1. The repetition
rate can readily be changed without any complications from 50 - 350 kHz. Neverthe-
less the extinction of the Pockels cell should be checked on a day to day operation,
since slight pointing changes from the stretcher can aect the extinction ratio.
The pump diode is well controlled and can be centred to the maximum of the absorp-
tion of the bre amplier at any given pump current. The bre output of the pump
diode has a bare bre end which is clamped in a post-mounted bre clamp. This
conguration is not ideal as it induces rotational degrees of freedom. Further a bre
connector at the end of the bre would provide more stability. This is a readily avail-
able solution, which should be considered for future improvements to the system.
For general stability improvements the bre coupling stage should be rail or cage
mounted to restrict unwanted rotational degrees of freedom, which are hard to com-
pensate when using post mounted systems.
The 30/250 Yb-doped bre was set up with a 5 cm coil, a length of 2.3m and showed
good spatial and spectral characteristics up to a signal power of 1.3W corresponding
to 13 µJ of pulse energy. The slope eciency for the amplication up to this point
was 26%. After the study shown in the amplier section 3.2.4 the bre burned and
had to be re-cleaved. During this process the bre broke and 1.9m could be re-used.
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In the cause of this, improvements were implemented to the system were conducted.
The collimation before the bre focus was changed to employ a translation stage.
This allows to change the focus from a diameter of 10µm to 23 µm. This capability
will allow to study the coupling into the bre, the amplication and the associated
spatial and spectral response more closely. Additionally, this should allow to opti-
mise the system to achieve  70% of slope eciency as specied for these bres by
Nlight [113]. Further, a translation stage was added to the collimation lens at the
bre output. This will enable to study the near-eld core mode of the bre more
closely and it will allow for a more accurate collimation. The collimation of the bre
output will have an impact on the compressor performance.
The amplier performance could be improved by mounting the bre in a more stable
way, as it is assumed that heat induced vibrations of the bre cause the mode insta-
bilities. This could be achieved by clamping the bre in a metal bre connector.
Additionally to this, it was found that the pump collimation could be changed to
improve the stability. Since the focal length of the pump laser collimation is 37.5mm
and the bre focus lens has a focal length of 18mm the spot size of the pump is half
of the diameter of the pump laser bre. This results in a pump focus size of  50 µm.
Employing a lens with focal length of  9mm would generate a spot with  200µm
diameter. This increase in diameter would decrease the pump intensity on the bre
face by a factor of 16. It is very likely that this change will have an inuence on the
mode stability of the system and potentially allow stronger pumping.
The compressor was aligned so that the angle of incidence is the same as the stretcher,
63.8 0.1. The diculty to re-compress the pulse further than  240 fs was at-
tributed to the grating mounts. The mounts are easy to align and oer every degree
of freedom needed. However, adjusting the ruling angle and tip angle causes a back-
lash. This backlash causes slight deviations in the beam path through the compressor
and hence no perfect phase compensation could be achieved. The backlash could be
eliminated by slightly adjusting the grating holder. If a locking screw was to be
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introduced at the counter balancing springs the tip angle could be xed more pre-
cisely. The part of the grating mount which would need to be modied is shown in
gure 3.34. To compensate for the amplied pulse the compressor had to be shifted
Figure 3.34: Compressor grating mount with highlighted spring loaded counter balance and
ruling angle locking screws.
transversely to accommodate the shifted bandwidth after the amplication. Due to
issues collimating the bre output and time constrains during my PhD, this work is
still in progress.
Ultimately, the system presented here will create a good alternative for common
Ti:Sapphire systems. The initial pulse energy in the nano-joule regime allows to di-
rectly amplify the pulse in a power amplier and reach micro-joule level pulses. The
additional CEP stabilisation to  300mrad will provide a stable source for an optical
parametric amplier system, which is planned to be based on this bre CPA system
as a source. The principle of stretcher and compressor have been proven and shown
to work reliably. The Pockels cell and pump laser performance is well established
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and can be used in any further study. The repetition rate can be readily change for
50 - 350 kHz in steps of 50 kHz, whereas the pump laser can operate at the maximum
of the amplier gain at any drive current by adjusting the temperature during opera-
tion. The amplication has been demonstrated up to a value of 13µJ of pulse energy
at 100 kHz for the signal without spectral or modal instability. The eect of non-
linearities can be ruled out as cause for the instabilities, since calculations show that
we are well below the critical power of  5MW by at least 2 orders of magnitude for
the peak power and the B-integral. It should be possible to generate  100µJ of pulse
energy at 100 kHz with one amplier stage as this power level has been generated in
the course of our studies. However in order to mitigate the mode instabilities at these
pulse energies the suggested changes to the setup would need to be implemented.
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Chapter 4
Tunable few-cycle pulse generation
by lamentation and subsequent
high harmonic generation
experiment
The scope of my PhD was not only to build a bre CPA system but also to evalu-
ate possible post-compression systems. The results shown in this section have been
published in Applied Physics Letters [1] and Journal of Physics B: At. Mol. Opt.
Phys. [2] and are reprinted and/or modied with the permission of the copy right
holder.
A post-compression system is commonly employed to shorten pulses of 10s or 100s
of femtoseconds down to the few-cycle limit. Pulses in the few-cycle regime exhibit
certain features that are especially appealing to the use in high harmonic generation.
Since there are only a few oscillations of the electric eld in the pulse, the high har-
monic process is conned to a very narrow time window. If this condition is satised,
it is possible to generate isolated attosecond pulses [31, 114].
In this section, I will discuss our results employing lamentation as a post-compression
scheme. Filamentation has been widely studied at the usual Ti:Sapphire wavelength.
93
4.1 Post-compression by Filamentation
The scope of our investigation aimed at the spectral window between 1 - 2µm. Acquir-
ing more information of the lamentation process in this spectral rage is interesting
for several reasons associated with the bre CPA system. It is planned to use the
bre laser as seed and pump for an optic parametric amplier (OPA), which pushed
the central wavelength into the far-IR. The lamentation process could not only be
used as a means to generate few-cycle pulses but rather as a broadband seed for the
OPA system. Additionally to this, lamentation could be used as a post-compression
stage of the OPA output. The versatility of lamentation will be explored and its
impact on the general project.
4.1 Post-compression by Filamentation
There are several way to perform post-compression which are based on the necessity
to broaden the spectrum and compress it. The eect of lamentation observed by
Braun et al. [12]. They found a self-guiding eect in air, since a laser beam caused
damage on a mirror in 10m distance. This should not have happened if the propaga-
tion was strictly determined by diraction. It was found out that self-focusing took
place [9]. This eect attracted great attention and became a eld of extended research
in the mid-90s. In order to use it as a post-compression scheme a laser beam is weakly
focused into a gas lled cell and the self-focusing sets in, described in equation 1.30.
At this point self-phase modulation (SPM) sets in. The beam is focused to a point
where plasma is generated. The increase in refractive index from the self-focusing is
compensated by the decrease of the refractive index caused by the plasma. When the
beam diverges and no plasma is generated the self-focusing sets in again. These two
eects balance each other and form the lament shown in gure 1.2.
As mentioned earlier lamentation has been extensively studied for 800 nm, so the
standard Ti:Sapphire wavelength, see more in [9]. Moving toward longer wavelength
into the 1 - 2 µm regime bears signicant advantages to study strong-eld phenomena
as for high harmonic generation (HHG). As discussed in section 1.5 the ponderomo-
tive energy scales with the wavelength / 2 [29, 35, 36]. This will result in higher
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photon energies to be reached if the intensity is kept the same. However there is a
down side to it. The eciency of the process however decreases /  5:5 [38, 39,115].
Longer driving wavelengths do not only generate higher photon energies, but also al-
low to study attosecond phenomena with a longer observation window than processes
driven by common Ti:Sapphire systems. Every high harmonic can be connected to
a certain emission time. These times can for example be used to study the nuclear
motion after ionisation of a molecule [116,117].
Further, the lamentation process is not always used for strong-eld physics applica-
tions but rather studied as a phenomenon by itself. Especially in the wavelength rage
beyond 1 µm the interplay between self-steepening, ionisation and possible higher or-
der eects has not been studied as extensively as the spectral range around 800 nm.
In the recent years, several groups have embarked on the journey to study non-linear
propagation and its related eects in the near to mid-IR theoretically and experimen-
tally [118, 119]. Here I will outline a few examples for lamentation in gases for the
spectral window of interest. Employing an OPA system delivering  55 fs pulses with
pulse energies of 330µJ Hauri and co-workers were able to generate 17 fs with 270 µJ.
The non-linear medium of choice in this case was xenon which was kept in a cell at
2.15 bar [118]. Further, they measure the CEP stability of the system to be better
than 100mrad, which is very interesting for strong-eld experiments.
Going further into the mid-IR regime Kartashov et al. started with a seed of 3.9 µm,
a pulse energy of 6.5mJ and 80 fs pulse duration. The investigation yielded a 3
octave spanning spectrum (350 nm to 5 µm) generated in 4.5 bar of argon. No post-
compression was attempted but rather the explanation of the process with the help of
higher order non-linear terms [120]. Furthermore, Mucke et al. have investigated the
lamentation process at 1.5 µm. The highly complex four-stage optical parametric
chirped pulse amplier delivered 2.2mJ with 74 fs pulse duration. Employing an ar-
gon cell they managed to generate 19 fs pulses with a pulse energy of 1.5mJ [121]. Not
only lamentation but hollow bre compression has been used at these wavelengths.
One of the most prominent achievements has been published by Schmidt et al.. They
demonstrated spectral broadening at 1.8 µm and subsequent compression with fused
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silica plates generating a 11.5 fs pulses with 400µJ pulse energy [122]. These previ-
ously achieved results were encouraging for us to try to link the entire spectral range
of 1.6 - 2 µm. If we could generate tunable few-cycle pulses in one setup it would add
a further degree of freedom for future applications in the scope of strong-eld appli-
cations. Linking tunable few-cycle pulses to a high harmonic generation experiment
would result in very high spectral resolution. Firstly the longer drive wavelengths
results in closer spaced harmonics, than for an 800 nm drive eld, and the tunability
would allow to scan the harmonic comb.
4.2 Experiment
This experiment has been conducted at the university of Bordeaux institute CELIA
in the group of Eric Constant under the funding of LaserLab. Hence this was a col-
laborative work, which led to valuable scientic connections.
In the scope of this work we investigated the possibility of tunable few-cycle laser
pulses generation in the near-IR. The lamentation process was induced in a stati-
cally lled krypton cell resulting in spectral broadening of a factor of  2 - 3 for all
wavelengths under investigation. The compression of these pulses could be achieved
by employing fused silica windows since the positive dispersion from the lamen-
tation process could be counteracted by the negative dispersion of the fused silica.
The zero dispersion line of fused silica is at 1.28µm, whereas our window of oper-
ation was between 1.6 - 2 µm. The experimental setup is depicted in gure 4.1. We
start with a home-built Ti:Sapphire amplier delivering 40 fs pulses with 5mJ pulse
energy at 1 kHz repetition rate. These pulses are used to seed a commercial OPA-
system (HE-TOPAS, Light Conversion) delivering 0.7 - 0.9mJ pulses from 1.6 - 2µm
with a possible step size of 50 nm. The beam is then focused loosely with a 75 cm
focal length mirror into a statically lled cell containing 4 bar of krypton. An iris was
inserted before the focus mirror to select a part of the beam. The beam only needs
to be vaguely elliptical to for a lament [11]. As shown in gure 4.1 several folding
mirrors are used to minimise angles and to constrain the space of the setup. The
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Figure 4.1: Schematic of the experimental setup: a Ti:Sa source seeds a HE-TOPAS to
provide 40 fs tunable laser pulses in the near-IR (idler being tunable from 1.6 - 2 µm). The
idler beam is focused by a spherical mirror (f= 0.75m) into a cell lled with 4 bar of krypton
providing optimum conditions for the formation of a lament. The spectrally broadened
output is collimated by a spherical mirror (f= 1m) and sent towards the GVD compensation
and diagnostic area.
output of the cell is collimated by a 1m focal length mirror. After collimation the
white light part of the spectrum can be selected with another iris. This white light
part is thus collimated and is dispersion compensated by fused silica plates. After
the compression the beam is sent to the diagnostics. The cell is sealed by a 1mm en-
trance window and a 2mm output window made from uncoated fused silica. In order
to identify if we are generating a lament we need to look for the characteristics of a
lament. As described in section 1.3 the lament exhibits strong spectral broadening
in the centre of the beam, where the energy is clamped and the broadening is the
widest. If several cycles of focusing and defocusing are undergone, we would expect
to see rings of conical emission. Thus to seek the region with the widest broadening
we scan an integration sphere through the beam in transverse direction. A calibrated
spectrometer was connected to the sphere which was sampling the beam via a 500µm
diameter pinhole at a distance of 1m after the cell exit. Figure 4.2 shows the output
spectrum using a 1.8 µm idler.
It was determined that the center of the beam is at position x = 0. The largest
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broadening was maintained over  5mm with position. The energy of this region was
determined to be 200µJ. This part of the beam was selected for spectral and temporal
characterisation. In addition to the transverse size of the lament we estimate the
lament length. Since there was a dierence in the physical distances of the optics
compared to the combined focal lengths, see gure 4.1, we estimated the longitudinal
size of the lament to be  18.5 cm. Having established that we indeed generate a
Figure 4.2: Spectrum of beam after lamentation process. A 500 µm pinhole was scanned
transversely to the propagation direction at 1m after the output window of the krypton
cell. The outer part of the output beam experience less spectral broadening than the centre
part conrming the generation of a lament with 5mm size. Reproduced with permission
from [S. Driever et. al Applied Physics Letters vol. 102, no. 19, pp. 191119-191119-4, May
2013]. Copyright [2013], AIP Publishing LLC.
lament the tunability needed to be investigated. The centre wavelength of the OPA
can be changed electronically in 50 nm steps from 1.6 - 2µm. The evolution of the
spectral prole after the lamentation process for all selected wavelengths can be seen
in gure 4.3. The associated energy for each centre wavelength is between 460-550µJ
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after the optimisation with the input iris. The maximum power available from the
OPA was between 700-900 µJ dependent on the best eort day to day alignment. The
widest spectra were generated at 1.7 µm, 1.8 µm and 1.9 µm, for which the available
output energy was the highest. As a result, a bandwidth of  250 nm (FWHM) at
1.7 µm and  300 nm (FWHM) at 1.8 and 1.9 µm corresponding to 200 µJ energy per
broadened pulse were achieved. The critical power in krypton for a pressure of 4 bar
was calculated to be Pcr = 5.2GW ( n2 = 2.5  10 23 m2/(W bar) [123]) at 1.8 µm
employing equation 1.30. From this calculation the critical power was exceeded by a
factor of  4 for these wavelengths.
The spectra exhibit modulations which can be mainly attributed to be caused by
self-phase modulation. Further at these wavelengths it can be seen that the trail-
ing edge experiences a small blue shift indication a possible impact of self-steepening.
Specically looking at the longer wavelengths it can be seen that the red shifted wave-
lengths are diminished to the benet of the blue shifted wavelengths. One possible
explanation for this is the position of the exit window with respect to the lament.
It can inuence the self-steepening. If the output window is too close to the lament
end it can reshape the pulse due to its dispersion and Kerr response. Further, the
propagation in atmosphere after the cell might reshape the temporal prole of few-
cycle pulses [124,125].
These results show that lamentation is versatile and that we are able to use the
same setup for various wavelengths. After having identied the lament size and the
tunable spectral broadening we moved on to the phase compensation and temporal
measurement of the pulses.
For the temporal measurement a multi-shot second harmonic autocorrelator (SHG-
A) has been employed. The second harmonic was obtained from a 100 µm barium
borate crystal (BBO). Due to its thickness it accommodates up to  1 µm (FWHM)
of bandwidth in the spectral range under investigation. For comparison the OPA
output and the compressed lament traces are shown in gure 4.4. To verify the
tunable compression we focused on the wavelengths with the widest broadening to
achieve the shortest pulses. In this case 1.7 - 1.9µm with a FWHM bandwidth of
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Figure 4.3: Idler input (dotted) and broadened spectra by lamentation (solid) from 1.65 -
2 µm and respective input energies. Reproduced with permission from [S. Driever et. al
Applied Physics Letters, vol. 102, no. 19, pp. 191119-191119-4, May 2013]. Copyright
[2013], AIP Publishing LLC.
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250 - 300 nm. The best phase compensation was found to be 2mm of fused silica
for 1.8 and 1.9 µm where as 3mm was added in the beam path for 1.7µm (FS :
GVD1:7m =  47 fs2=mm;GV D1:8m =  63 fs2=mm;GV D1:9m =  80 fs2=mm).
Including the exit window of the lamentation cell an optimum of 4 - 5mm of fused
silica was needed to compensate for the acquired phase. The results for the best
compression for 1.7 - 1.9µm are shown in gure 4.4. The top row of the gure depicts
the auto correlation of the OPA without broadening and the bottom corresponds to
the compressed lament. It can be seen that a compression of a factor of 2 - 3 can
be achieved. Looking at the compressed lament at 1.8 µm the autocorrelation re-
veals 26.6 fs where the measured trace ts well with the Gaussian envelope t. The
deconvolution results in 19 fs with a Fourier limit of 13.8 fs. Further, looking at the
autocorrelation trance of 1.9 µm the trace exhibits a slight pedestal, where the Gaus-
sian t reveals 19.5 fs with a deconvolved pulse duration of 12 fs and a Fourier limit of
11.4 fs. Since the t does not take into account the pedestal it can be assumed that
the pulse duration is slightly longer, nevertheless it is still close to the Fourier limit.
The same holds for the autocorrelation of 1.7µm where the trace shows a pedestal
as well, nevertheless the pulse duration is close to the Fourier limit of 15.2 fs. The
asymmetries in the autocorrelation traces are attributed to the energy uctuations
of a few % of the Ti:Sapphire system seeding the OPA. Since the non-linear opera-
tion of the OPA and lamentation process strongly depend on the input energy level.
These uctuations are believed to inuence the overall stability. However the scan for
the autocorrelation took several minutes which could be inuenced by slowly varying
energy uctuations.
High Harmonic Generation (HHG) with post-compressed pulses
In order to show that the previously characterised pulses are suitable for high har-
monic generation, we set out to generate these harmonics in dierent gases employing
a semi-innite cell (SIC). This work was published in [2]
A centre wavelength 1.7 µm was chosen for the generation of the harmonics. Due to
the lamentation process the centroid of the spectrum shifted to 1.74 µm for 15 fs pulse
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Figure 4.4: Second harmonic autocorrelation traces for the input pulse (upper panel) and
the output lamentation compressed pulse (lower panel). The measured data points are
shown in purple and the Gaussian t is shown in red. 1.7 µm b= 5.7 fs/cycle, 1.8 µm b= 6
fs/cycle and 1.9 µm b= 6.3 fs/cycle. Reproduced with permission from [S. Driever et. al
Applied Physics Letters, vol. 102, no. 19, pp. 191119-191119-4, May 2013]. Copyright
[2013], AIP Publishing LLC.
duration, which was important to incorporate into the calibration of the harmonic
spectrum. To ensure that the shortest possible pulse generates the harmonics only
the identied lament was selected with an iris after the lamentation stage and send
to the high harmonic chamber, where the intensity to the interaction region could be
controlled by another iris. A schematic of the high harmonic generation setup can be
seen in gure 4.5. The beam hits a at mirror (M) followed by a focus mirror (FM)
with f= 30 cm which focuses the beam onto the end face of the SIC. The SIC is a
tube with a length of  30mm which is sealed by a 1mm fused silica window at the
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Figure 4.5: Experimental setup of high harmonic generation chamber (left) and XUV spec-
trometer chamber (right). The beam enters the HHG chamber, is redirected by a at mirror
(M) and focused (FM) into the semi-innite cell (SIC). The generated harmonics propagate
to the XUV chamber, where they are redirected by a mirror (M) onto a toroidal mirror
(TM) with f= 30 cm. The toroidal directs the spectrum onto the XUV grating (G). The
spectrum is dispersed and directed to the imaging multi-channel plate (MCP) [2]. Figure
courtesy of Konstantin Holzner.
entrance and a 150 µm stainless steel foil at the output. This tube is then pressurised
with gas to generate the harmonics in. Since the beam is focused onto the foil at the
output of the cell, a hole is drilled which acts as a dierential pumping hole. The
dierential pumping between the cell and the vacuum allows to ne tune the pressure
in the cell in order to optimise the HHG process. After the generation of the high
harmonics the beam is redirected to a diraction grating (G) with 600 lines/mm at
grazing incidence. The spectrally dispersed beam is hence image by a toroidal mirror
(TM) onto the multi-channel plate (MCP) with phosphor screen and CCD camera.
The experimental data for 3 dierent gases are shown is gure 4.6. Xenon, ar-
gon and nitrogen high harmonic spectra are shown in a spectral window from 14
to 40 eV. In the xenon case we were able to optimise the spectrum with a pres-
sure of 41mbar and 180µJ of pulse energy. From equation 1.41 one can calculate
the cut-o energy 93.95 eV (Ip(Xe)=12.13 eV), which could be reached at the focus
(1/e2 diameter 65 µm), whereas the maximum photon energy at the entrance of the
cell corresponds to 20.6 eV (estimated diameter 260µm). Further looking at argon
(Ip(Ar)= 15.76 eV) we found that the spectrum was optimised for 85mbar and 430µJ.
However as mentioned earlier the cut-o was calculated to be 200.9 eV. Similarly for
nitrogen (Ip(N2)= 15.58 eV) 105mbar and 320 µJ pulse energy yielded the best spec-
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Figure 4.6: High harmonic spectra for xenon at 41mbar and 180 µJ pulse energy, argon
(85mbar and 430 µJ) and nitrogen (105mbar and 320 µJ) [2]. Figure courtesy of Martin
Arnold.
trum with a theoretical cut-o at 154 eV. This suggested that our observation window
and detection was not optimised appropriately.
There are pressure dierences between the gases when producing the best spectrum.
For xenon and argon it is Pargon=Pxenon  2:1 whereas nitrogen molecules and
argon Pargon=PN2 result in  0.81. This pressure dierence is close to the square
root of the inverse ratio of their masses (
p
Mxenon=Margon = 1:73, respectivelyp
MN2=Margon = 0:87), as a result the density of emitters available for HHG is
comparable between the dierent gases. This infers that the harmonic signal is of
the same magnitude. To further discuss the harmonic signal, one can see that the
harmonic spectra generated from xenon and N2 are shifted compared to the argon.
A 50 nm shift in the fundamental spectrum could cause this shift in the harmonics,
as we have seen that the centroid of the fundamental changes in the lamentation
process. Further, this shift could be due to plasma formation in the SIC for the xenon
case as it has a lower ionisation potential that argon and nitrogen [126].
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4.3 Conclusion
In this chapter I have discussed our work on lamentation as a post-compression
scheme. We have investigated the tunability and its application capabilities.
It was possible to generate tunable spectral broadening in the near-IR over the entire
range of investigated wavelengths 1.65 to 2 µm (gure 4.3). In the best experimental
conditions we have generated 250 nm bandwidth at FWHM for 1.7 µm and 300 nm for
1.8 and 1.9 µm. The GVD acquired in the krypton cell could readily be compensated
for by inserting fused silica plates. This led to the generation of 2 - 3 cycle pulses as
shown in gure 4.4. Further, we have explained that to our understanding the long
term power uctuations cause the asymmetry in the autocorrelation traces. Despite
the agreement of spectral broadening and decreasing autocorrelation FWHM it is still
possible that a dierent pulse shape is present since many pulse shapes can translate
into the same autocorrelation. In order to fully understand the mechanism we should
investigate the pulse duration with a more advanced technique, as our colleagues
at Imperial College London, where they investigated few-cycle pulse generation in
the same spectral window with hollow core bre compression and SPIDER charac-
terisation [127]. Nevertheless, lamentation is a versatile tool for variable spectral
broadening and post-compression in the near-IR. However special attention needs to
be paid to the stability and alignment of the system, since power uctuations can
disturb the generation process.
To the authors knowledge it remains an open question if self-compression eects play
a role in this spectral window, since previously published work for the Ti:Sapphire
wavelength suggests that self-compression occurs at input energies greater than 1mJ
[128{130]. Further, spectral shaping due to the position of the output window and
its Kerr response could be investigated in order to eliminate other inuences on the
spectral broadening than just the lamentation process.
The generation of high harmonic radiation in xenon, argon and nitrogen (gure 4.6)
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further underlines that the generated pulses can be used in strong-eld physics exper-
iments. However, the detection would need to be optimised for the spectral window of
interest and to verify if the calculated high cut-o energies are reached. Additionally
another open question remains: if the high energy photons could be detected at all
or if they are absorbed in the long interaction region in the semi-innite cell.
In the future, investigating more closely the formation of the lament would cer-
tainly be of interest. Could we nd self-compression eects at these wavelengths or
do the cut-o harmonics survive the propagation in the semi-innite cell? A more im-
mediate question however is the stability of the carrier-envelope phase. It is assumed
that the CEP is locked due to the usage of the idler from the OPA system. It has
been measured for a similar commercial system before [118], however it is possible
that the propagation from the lamentation stage to the experiment distorts the CEP
as this was about 5m.
Additionally to the open questions about the lament, one could think of HHG ex-
periments where the high spectral resolution and tunability of the OPA could be of
interest.
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Summary and Conclusion
The work presented in this thesis describes the development of a high repetition
rate bre based chirped pulse amplication system and post-compression experiments
with proof of principle experiments. Starting o from an empty laboratory, as can
Figure 5.1: First boxes delivered mid May 2012.
be seen in gure 5.1, was challenging, since the infrastructure of the laboratory had
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to be brought up to speed. The rst boxes arrived in May 2012. Within 3 year the
laboratory was transformed into a functioning laser laboratory, see gure 5.2.
Figure 5.2: State of the laboratory April 2015.
5.1 Chapter 3: Development of bre CPA system
A stretcher was designed for a centre wavelength of 1030 nm, based on a 1740 grooves/mm
gold grating with dimensions 140mm120mm. Further the optics employed were
custom made with a surface roughness of 20 nm rms to avoid unwanted phase distor-
tions. The stretcher delivers 1 ns pulses so that non-linearities can be avoided in the
amplier stage.
The fast RPT crystal based Pockels cell has a rise time of a few nanoseconds and
is ideally suited for repetition rates from 50 - 350 kHz. The seed pulse energy to the
amplier is  10 nJ at 100 kHz.
The maximum signal pulse energy without spectral and spatial distortions was 13µJ.
Ways of improving the performance of the amplier system are described in sec-
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tion 3.3. Implementing these improvements should allow for the stable generation of
100s µJ pulses at 100 kHz.
The re-compression of the amplied pulses is however the rst step for a functioning
laser system that can be used for further experiments.
5.2 Chapter 4: Filamentation post-compression and
HHG
The successful generation of tunable spectral broadening in the spectral range of 1.6 -
2µm shows the great potential for lamentation. The verication of few-cycle pulses
at 1.7, 1.8 and 1.9 µm with few hundred micro-joule pulse energy was sucient for
high harmonic generation in xenon, argon and molecular-nitrogen.
Future experiments will investigate the CEP stability of theses pulses and their us-
ability for strong-eld physics experiments.
In conclusion:
A bre CPA system has been presented for strong-eld physics experiments, which
has been developed in a newly established laboratory in the Laser Consortium of
Imperial College London. Additionally to this, a post-compression scheme based on
lamentation in the near-IR has been investigated in collaboration with the Univer-
sity of Bordeaux, Institute CELIA, to provide another tool for strong-eld physics
experiments.
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